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ABSTRACT 
 
Recently a new family of two-dimensional (2D) early transition metal carbides and 
carbonitrides, called MXenes, was discovered. Unlike graphene, whose chemistry is 
restricted to carbon, MXenes allow a variety of chemical compositions and are establishing 
themselves as a large new class of two-dimensional materials. MXenes combine the 
metallic conductivity of transition metal carbide layers with the hydrophilic nature of their 
mostly hydroxyl or oxygen terminated surfaces. In essence, they behave as “conductive 
clays” and have shown much of promise as electrode materials for Li-ion batteries. Prior 
to the initiation of this study, there have been no reports on the capacitive properties of 
MXenes. 
In this work the potential was explored of the new family of the two-dimensional 
carbides, MXenes, as electrode materials for electrochemical capacitors. This study was 
focused on Ti3C2Tx. It was established that variety of single- and multiply charged cations 
(such as Li+, Na+, K+, NH4
+, Mg2+) can intercalate MXenes (chemically or 
electrochemically) and participate in energy storage. Highly reversible electrochemical 
insertion of the same cations has been demonstrated for Ti3C2Tx in aqueous electrolytes. 
Perfect capacitive behavior was observed for Ti3C2Tx MXene even at quite high charge 
and discharge rates, all coupled with excellent cyclability; no drop in capacitance was 
observed even after 10 000 cycles. 
Further investigation showed that surface chemistry has significant effect on the 
resulting capacitance, i.e. by creating predominantly oxygen-containing functionalities the 
capacitance can be substantially boosted in comparison to the as-received material. It was 
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also demonstrated that Ti3C2Tx  clay produced using LiF-HCl mixturewith predominantly 
oxygen-containing functionalities, showed outstanding capacitance up to 900 F/cm3 and 
can be manufactured in to electrodes in less than 10 min without need of binder or 
conductive additive. Electrochemical in-situ XAS measurements detected changes in Ti 
oxidation state during cycling, which matched closely the observed experimental values of 
the material’s capacitance. Therefore it was concluded that mechanism of electrochemical 
storage of the Ti3C2Tx MXene clay is predominantly pseudocapacitive.   
. Also concept of all-solid-state asymmetrical supercapacitor (freestanding and 
current collector free) based on Ti3C2Tx was developed. Among other applications, using 
in-situ AFM the potential of the use of MXenes in electrochemical actuators was 
demonstrated. It was also shown that MXenes other than Ti3C2Tx also demonstrated a lot 
of promise for electrochemical capacitors: Nb2CTx/CNT paper electrodes showed high 
volumetric capacitance of 325 F/cm3 when tested in a Li-ion capacitor configuration. 
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CHAPTER 1: INTRODUCTION 
 
With the increased demand for portable and clean energy, electrochemical 
capacitors (ECs) have been attracting attention due to their much greater power density and 
cyclability as compared to Li batteries [1,2]. However, electrical double-layer capacitors 
(EDLCs), in which the capacity is due to the electrosorption of ions on porous carbon 
electrodes, have limited energy density [2] (Figure 1[2]). Pseudo-capacitors, in which the 
capacity is due to redox reactions, provide higher energy densities, but usually suffer from 
shorter cyclic lifetimes. RuO2 nanosheets have been used in redox capacitors and showed 
impressive capacitance and cyclability, however, it is quite expensive[2,3].  
Energy density enhancement of capacitors can be achieved by using hybrid devices, 
which combine a battery-like redox electrode 
and a porous carbon electrode [4]. Another 
approach is to use materials in which the 
charge is stored due to intercalation of ions 
between atomic layers because the 
capacitances – even at high rates - are high. 
For example, nanocrystalline Nb2O5 films 
with capacities of ≈ 130 mAhg-1 at rates as 
high as 10 C for Li+ ions in organic 
electrolytes have been reported. The specific 
structure of this material can best be 
described as a crystalline network with two-
Figure 1. Ragone plot demonstrating the 
power and energy trade-offs between 
batteries, dielectric capacitors, and double 
layer capacitors. Reprinted by permission 
from Macmillan Publishers Ltd: Nature 
Materials (Ref.[1]), copyright 2008. 
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dimensional (2D) transport paths for ions between atomic layers; thus, even thick 
electrodes show excellent behavior [5]. Another example is Mg-buserite electrodes that 
exhibit good Na+ ion intercalation capacitances, but have poor electrical conductivity [6]. 
Most materials for electrodes that can provide intercalation or surface redox capacitances 
are either poor electronic conductors, like graphene oxide or TiO2 [7], or are hydrophobic 
like graphene [8].  
Recently large family of 2D materials labeled “MXenes” was reported, these 
materials combine good electrical conductivities with hydrophilic surfaces. MXenes are 
2D materials synthesized by the extraction of the “A” layers from the layered carbides or 
carbonitrides known as MAX phases. The latter have a general formula of Mn+1AXn (n=1, 
2, 3), where M represents a transition metal, A usually represents a III A or IV A element 
(like Al, Ga, Si, or Ge), and X represents either C or/and N [9].  MXenes have shown 
promise as electrode materials for Li-ion batteries and Li-ion capacitors [10,11]. For 
example, when Li+ ions intercalate into Ti3C2Tx, a steady state capacity of ≈ 410 mAhg-1 
at 1 C is obtained for additive-free flexible electrodes [10]. Furthermore, theoretical 
calculations have predicted that Li+ ions should diffuse rapidly on Ti3C2 surfaces, as well 
as result in high storage capacities [12]. However, until now there were no reports on the 
capacitive behavior of this new type of 2 D materials.  
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CHAPTER 2: BACKGROUND AND LITERATURE SURVEY 
 
In this chapter different mechanisms of electrochemical charge storage will be 
reviewed, highlighting the differences, advantages and limitations of each and formulating 
the most promising directions. I will also briefly discuss benefits of electrode 
nanostructuring and why 2D materials are attractive for energy storage applications. 
The status of the research field, prior to initiation of the current study, of two 
dimensional transition metal carbides, MXenes, from synthesis and properties to 
applications will be summarized. At the end of this chapter research the objectives of this 
work will be formulated. 
 
2.1 Faradaic and capacitive energy storage 
Understanding the operative mechanisms of energy storage systems is extraordinarily 
important, not only from the fundamental point of view, but also because knowledge of ion 
storage, transport mechanisms and effects of key parameters builds a strong basis for the 
development of devices and their resulting performance. Figure 2 illustrates the 
characteristic behavior of these electrochemical energy storage materials and summarizes 
the features that distinguish them from each other. 
Supercapacitors or electrochemical capacitors represent a class of energy storage 
devices that offer fast energy uptake and delivery.[2] EDLCs utilize reversible ion 
adsorption at the surface or in pores to store charge. Thus, the best performing EDLC 
materials have a high specific surface area (SSA), making nanostructured carbons the 
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materials of choice, since they can easily deliver high SSA at low price. Generally, EDLCs 
offer great cyclability and power densities and are characterized by nearly rectangular 
cyclic voltammograms (CVs) and linear galvanostatic charge-discharge profiles (Figure 
2a).  
 
Figure 2. Faradaic and capacitive energy storage. Summary of the characteristic metrics 
such as typical cyclic voltammetry, galvanostatic profiles, key mechanism description and 
typical systems that are known to utilize the mentioned charge storage mechanism: (a) 
double layer capacitor (Examples: Porous carbons (CDC[13], activated cabon[14]), 
graphene[15], carbon onions[16] and nanotubes[17]), (b) surface redox 
pseudocapacitance (Examples: RuO2 (hydr.)[18], birnessite MnO2[19], MXene Ti3C2[20], (c) 
intercalation pseudocapacitance (Examples: T-Nb2O5
[5]), and (d) batteries (Examples: 
LiCoO2, Si,[21] LiFePO4[22]).  Crystal structures were ploted in Vesta. 
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While ideal for power applications, EDLCs suffer from limited energy density (the amount 
of charge stored). For the most part, it is clear what EDLCs[23] are and how they are 
different from batteries and pseudocapacitors, both of which use faradaic reactions to 
store charge.  Nonetheless, there are important considerations for microporous 
activated[24] and carbide-derived carbons[13] with average pore diameters of about 1 nm. 
These materials can usually accommodate one ion or a few ions per pore. Although charge 
storage in these materials is purely electrostatic, they are traditionally called EDLCs, 
despite the fact that no classical Gouy-Chapman/Stern double layer is formed. 
A more accurate representation is to consider their charge storage process as arising 
from the electrosorption of ions by an oppositely charged carbon sponge, similar to physi-
sorption of molecules by the same activated carbons, but driven by electrostatic force.  
More confusion arises when researchers try to distinguish between batteries and 
pseudocapacitors, even though guidelines for distinguishing between these two types of 
energy storage materials have been proposed.[23,25] Herein, I want to highlight the 
distinctions and elaborate about what makes them different. In this regard, two key features 
are phase transformation and kinetics. 
Phase transformations. Charging in batteries is often accompanied by a phase 
transformation in the host material. This process is characterized by distinct peaks in the 
CV and plateaus in the galvanostatic charge-discharge profiles (Figure 2d). In contrast, 
charging of the pseudocapacitor should not be accompanied by a phase transition. Instead, 
pseudocapacitive materials present a continuous, highly reversible change in the oxidation 
state during charge/discharge, characterized by CVs with either significantly broadened 
peaks (intercalation, Figure 2c) and little separation in peak position on charge/discharge, 
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or almost perfectly rectangular CVs (surface redox, Figure 2b).[1,2] 
Intrinsic kinetics. While there are many factors that can contribute to the efficiency of 
charging (Q/Qmax) at different rates, the sweep rate dependence for CV experiments 
provides insight regarding the kinetics for intrinsic electrochemical processes. The current 
(mA), i, in battery electrode materials exhibits classic semi-infinite diffusion (i.e., i~v0.5), 
while supercapacitors are characterized by a linear sweep rate dependence on current, i~v. 
 The connection between these two features is that there are both structural and 
kinetic considerations associated with phase transformations. Dimensional changes arising 
from ion insertion will often lead to strains; phase transformations occur to relax the strain.  
 
Figure 3. Capacitance of MnO2 allotropic modifications. (a) Relative values of the specific 
capacitance, ionic conductivity and BET SSA of different MnO2 forms with 1D, 2D and 3D 
pore channels. (b-c) CV profiles collected in 0.5 M K2SO4 at 5 mVs
-1 show distinctly 
different behavior as a function of structure for materials of the same chemical composition 
(MnO2). Figure was adapted with permission from from Ref. [19] Copyright 2009. 
American Chemical Society. 
In addition, phase transformations may result in significant volume changes, which 
negatively impact the integrity of the electrodes and therefore cycling of the device is poor.  
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Phase transformations generally involve nucleation and growth processes, which influence 
kinetics as non-martensitic phase transformations are diffusion limited. This is one reason 
why the rate response for battery materials is typically poor.  
However, when the crystallographic pathways for ion transport are interconnected 
and sufficiently large to accommodate mobile ions, some of the limitations for battery 
materials can be overcome. The importance of crystallographic pathways was nicely 
illustrated in a detailed study of the electrochemical behavior of MnO2 allotropic phases 
with different characteristic geometries (Figure 3a): 1D channels, 2D layers, 3D 
interconnected channels.[19] Since the chemical composition was fixed, the effect of 
structural and chemical parameters was evaluated. It was shown that an increase in channel 
size and connectivity resulted in improved electrochemical performance (Figure 3). SSA 
had a marginal effect on the resulting capacitance, presumably because charge storage 
occurred from redox processes and not from the EDL.  Interestingly, a strong correlation 
was found between capacitance and ionic conductivity of different MnO2 phases. Ionic 
conductivity is directly influenced by the crystal structure of the material and, when 
aqueous electrolytes are utilized, the presence of structural water. Conclusions from this 
study can be extended beyond MnO2, highlighting the crucial importance of material 
architecture. Due to the reasons noted above, it is possible to identify structural features 
which possess considerable promise for the energy storage applications: i) 2D materials 
that feature transition metal chemistries (such as layered transition metal oxides[19], 
carbides[20] and dichalcogenides[26])  and, ii) materials with 3D interconnected channels 
(such as T-Nb2O5[5] or MnO2 spinel[19]). 
Yet, for all materials there is always a challenge to ensure rapid ion access to each 
32 
 
electrochemically active site and while structure of some can naturally help (such as 
spontaneous intercalation in layered materials, large channel size and etc.), development 
of electrode architectures that can provide sufficient electrical and ionic conductivity is 
crucial. 
 
2.2 Electrode nanostructuring and 2D materials 
To address rapid ion access and number of available electrochemically active centers 
researchers emphasize nanomaterials, such as nanoparticles (0D), nanowires and 
nanotubes (1D), layered materials (2D) and mesoporous structures (3D). Nanoparticles of 
various chemical compositions have demonstrated great potential for high-rate energy 
storage. For typical Li-ion battery materials, such as LiCoO2, Si, Ge, etc., nanoparticles 
lead to substantial improvement in power performance and cycling behavior due to shorter 
ion diffusion paths and the accommodation of Li insertion with minimal internal 
strain.[21,27,28]  In the case of EDLCs, superior power density at charging rates as high 
as 10 V/s was demonstrated for micro-supercapacitors based on carbon onions that are 6-
7 nm in diameter.[16] 1D nanostructures (nanowires, nanotubes) offer most of the benefits 
of the nanoparticles and, moreover, can be assembled into free-stranding and flexible 
electrodes without the addition of binder due to their high aspect ratio.[28-30] Conductive 
carbon nanotubes are used extensively as an additive to conventional battery electrodes to 
decrease electrode resistance and mitigate associated Ohmic losses, as well as to improve 
the rate performance of devices.[31] 
Nanomaterials with templated 3D mesoporosity represent another important 
category of EES materials. They have a high surface area due to the combination of 
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mesopores generated by the organic template and micropores, which exist between 
nanocrystals. This combination of surface area and mesoporosity which enables electrolyte 
penetration throughout the material, leads to a higher capacity and rate capability than with 
non-templated nanocrystalline materials.[32] Significant improvement in electrochemical 
performance was observed for several pseudocapacitive metal oxides including Nb2O5, 
CeO2, and other systems (Figure 4j).[3] [32]  
 
 
Figure 4. 3D nanostructures. Schematic illustration of the heterogeneous nanostructures 
based on 0D (a), 1D (b), 2D (c), 3D (d) (Panels a-d were reproduced with permission from 
refs. [33] from The Royal Society of Chemistry) structure motifs and examples of 
mesoporous architectures: (e) CdSe nanoparticles assembly (panel was reprinted by 
permission from Macmillan Publishers Ltd: Nature Nanotechnology (Ref. [34]), copyright 
2013 (f) Ti3C2Tx nanolaminates (MXene) (panel was reproduced from ref. [35]), (j) 
mesoporous Nb2O5 film (panel reprinted with permission from Ref. [32]. Copyright 2010. 
American Chemical Society.) 
2D and layered materials that can be intercalated and exfoliated are particularly 
promising for incorporation into electrodes. 2D materials, such as graphene,[15] some 
transition metal oxides,[19] MoS2,[26] and Ti2C (MXene)[11], are only a few atoms thick 
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and therefore have a large number of immediately accessible electrochemically active sites. 
For many layered materials, or assembled 2D structures, thermodynamic considerations 
are such that spontaneous intercalation takes place which leads to preferential occupation 
of electrochemically active sites. Another benefit with 2D materials is that large ions such 
as Na+ and K+ as well as solvated ions can be accommodated on their surface or between 
the layers. Finally, the 2D morphology is also convenient for flexible energy storage 
materials.[36] Although only limited research has been carried out to date, indications are 
that the electrochemical performance of 2D metal oxides is substantially better than their 
corresponding bulk materials.[36] Metallic 2D materials such as MXenes[20] and 1T 
transition metal dichalcogenides[26] (Figure 4c and f) are particularly attractive because 
they intrinsically possess good electrical conductivity along with the ability to support 
redox reactions because of their transition metal chemistry.  
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2.3 MXenes-a new family of the 2D layered materials 
MXenes are a recently reported new family of the two dimensional transition metal 
carbides and nitrides which combine good electrical conductivities thanks to inner 
conductive carbide layer with hydrophilic transition metal oxide surfaces [8] (Figure 5).  
 
 
Figure 5. Structural and chemical diversity of MXenes. Illustrations were prepared using 
VESTA software. 
 
MXenes are 2D materials synthesized by the extraction of the “A” layers (typically 
Al) from the layered carbides or carbonitrides known as MAX phases (see Figure 6). The 
latter have layered hexagonal structure and a general formula of Mn+1AXn (n=1, 2, 3), 
where M represents a transition metal, A usually represents a III A or IV A element (like 
Al, Ga, Si, or Ge), and X represents either C or/and N [9]. To date more than 60 phases are 
known. Structural feature of the MAX is that it can described as 2D layers of early 
transition metal carbides and/or nitrides “glued” together with an A element (Figure 6a). 
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The strong M–X bond has a mixed covalent/metallic/ionic nature, while the M–A bond is 
more  metallic. This inhomogeneity in bond strength allows the chemical removal of the A 
layers. Depending on the number, n, in initial MAX phase structure corresponding single 
MXene sheets composition can be M2X, M3X2, M4X3, as shown in Figure 5. 
 
 
Figure 6. Synthesis of MXenes from MAX phase on example of Ti3C2Tx: a) powder of 
Ti3AlC2 MAX phase is immersed in HF acid, this results in b) selective etching and 
formation of the exfoliated multilayered Ti3C2Tx MXene, which c) later can be delaminated 
into separate flakes. (SEM in panel c was reprinted by permission from Macmillan 
Publishers Ltd: Nature Communications (Ref. [10]), copyright 2013). 
 
So far 19 MXenes, to name the few- Ti2C, Ti3C2,[37] Ta4C3, Ti3CN, TiNbC, 
(V0.5,Cr0.5)3C2,[38] V2C, Nb2C[39]– have been fabricated by immersing MAX powders in 
HF solution at room or slightly elevated temperature [20] (Figure 6a-b). Such synthesis 
procedure leads to the termination of MXene surfaces by primarily O and/or OH groups 
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with some fluorine present. These terminated MXenes will be henceforth referred to as 
Mn+1XnTx. Moreover, DFT simulations predict that depending on the surface termination 
band gap in MXenes can be tuned [12,37,40-42]: while bare MXene sheets possess metallic 
conductivity, material terminated by -OH and –F groups is narrow gap semiconductor[37]. 
2.4 Intercalation and delamination of MXenes 
Intercalation phenomenon is observed in many materials with layered structure, such 
as clays[43] and graphite[44], which have rather weak bonding in-between layers. The 
same concept applies to MXenes. For example, the spontaneous intercalation of organic 
molecules, such as hydrazine, dimethyl sulfoxide (DMSO), or urea between Ti3C2Tx was 
reported[10].  Commonly, intercalation can be detected by XRD since as a result of 
intercalation, the inter-layer spacing changes, increasing the c-lattice parameter (c-LP) and, 
consequently, shifting the corresponding peak to the left in 2θ coordinates (Figure 7a).  
 
 
Figure 7. a) Simulated using molecular dynamics Ti3C2 structure before and after 
hydrazine, N2H4, intercalation, b) XRD data of untreated MXene powder, material after 
intercalation and intercalated material subjected to vacuum annealing at different 
temperatures. Reprinted by permission from Macmillan Publishers Ltd: Nature 
Communications (Ref. [10]), copyright 2013. 
a b 
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It was as well shown that in the case of hydrazine intercalation is to a high extent reversible: 
heating in vacuum at 200 °C of Ti3C2Tx-hydrazine results in c-LP shift close to its original 
position (Figure 7b). In case of DMSO, the change in c-LP is more than 15 Å. Furthermore, 
storage of DMSO intercalated sample in air led to doubling in the c-LP of Ti3C2Tx. Such 
large increase in с spacing in turn lead to further bond weakening between layers.  
Sonication of DMSO intercalated Ti3C2Tx in water resulted in high delamination yields 
and the formation of colloidal suspensions of few-to-single layer Ti3C2 flakes in water 
(Figure 6c). Vacuum filtration of this colloidal solution results in formation of flexible, 
hydrophilic and conductive MXene “paper” that is comprised of single or few-layer flakes 
of delaminated Ti3C2Tx.    
 
2.5 MXenes as electrode materials for Li-ion batteries 
MXenes have shown a promise as electrode materials for Li-ion batteries. The following 
MXenes, Ti2CTx,[45] Ti3C2Tx,[10] V2CTx,[39] and Nb2CTx,[39] were investigated as 
electrode materials. V2CTx showed the highest capacity (280 mAhg
-1 at a 1 C and 125 
mAhg-1 at 10 C cycling rates). Although Nb atoms are heavier than Ti, the gravimetric 
capacity of Nb2CTx is higher than that for Ti2CTx at the same cycling rates (180 mAhg
-1 
for Nb2CTx versus 110 mAhg
-1 for Ti2CTx at 1C) (Figure 8a). It is important to note, that 
M2X electrodes are expected to show higher gravimetric capacities than their M3X2 and 
M4X3 counterparts. Since each MXene sheet consist of n+1 (n=1, 2, or 3) layers of M atoms 
that are nearly closed packed, while nX atoms are filling the octahedral sites. The bonds 
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between M and X (mixture of weakly ionic-covalent bonds) are too strong to be broken 
easily. So, it is reasonable to assume that ions only penetrate between the MXene sheets. 
For instance, by comparing Ti2C and Ti3C2, both of which have the same surface chemistry 
while the latter has one inactive Ti-C layer, then Ti2C should have ~50% higher gravimetric 
capacitance than Ti3C2. This assumptions were confirmed: observed experimental 
gravimetric capacity of Ti2CTx is ~1.5 times higher than that of Ti3C2Tx [10,45] (compare 
capacities at 1C for Ti2C, green plot in Figure 8a, and Ti3C2, red plot in Figure 8c).  
It is important to note that all of the studied MXenes demonstrated a high rate 
capability (Figure 8a) with capacities of 50-200 mAh/g at rates of 10 C (i.e. 6 min charging 
time). Another feature of the MXenes electrochemical behavior in Li-ion batteries is an 
absence of plateau region in the galvanostatic charge-discharge profiles as can be seen in 
Figure 8b, in other words MXenes show capacitor-like almost linear profiles.  
 
 
Figure 8. Performance of MXenes in Li-ion batteries. a) Specific lithiation (circles.) and 
delithiation (squares) capacities (per mass of active material) vs cycle number at different 
rates for Nb2CTx, V2CTx-based electrodes compared to previously reported Ti2C, b) 
Voltage profile of Nb2CTx between 0 and 2.5 V vs Li/Li
+, c) Comparison of the performance 
of exfoliated and delaminated Ti3C2Tx as anode material in Li-ion batteries. Inset shows 
SEM image of an additive-free film of delaminated Ti3C2Tx filtered through the membrane. 
Panel a,b reprinted with permission from Ref. [39]. Copyright 2013 American Chemical 
Society. Panel c is reprinted by permission from Macmillan Publishers Ltd: Nature 
Communications (Ref. [10]), copyright 2013. 
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Testing of Ti3C2Tx paper electrodes gave a steady state capacity of ≈ 410 mAhg-1 
at 1 C [10], this value is 4 times higher than that for multilayered Ti3C2Tx film. Also paper 
electrodes possessed an excellent ability to handle very high cycling rates (110 mAhg-1 at 
36 C after 700 cycles) (Figure 8c). Furthermore, theoretical calculations have predicted 
that Li+ ions should diffuse rapidly on Ti3C2Tx surfaces, as well as result in high storage 
capacities [12]. This shows huge potential of MXenes for use in fast energy storage 
applications such as electrochemical capacitors[11].  
Therefore the goal of this work was to explore the potential of the new family of 
the two-dimensional carbides, MXenes, as electrode materials for electrochemical 
capacitors and gain a fundamental understanding of the mechanism of the energy storage 
in these 2D materials. 
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CHAPTER 3: MATERIALS AND METHODS 
In this chapter detailed information on MXene synthesis, chemical modification 
treatments and characterization techniques is provided. Electrode preparation procedures,  
the electrochemical set-up and testing details are provided as well. Finally, the 
experimental details for the in-situ and ex-situ electrochemical techniques used here are 
discussed. 
3.1  MXene synthesis 
Most of the studies were performed on Ti3C2Tx and Nb2CTx. 
3.1.1 Synthesis of Ti3AlC2 
The MAX phase used as precursor for MXene synthesis herein—Ti3AlC2—was 
prepared by mixing commercial Ti2AlC powders (Kanthal, Sweden) with TiC in a 1:1 
molar ratio (after adjusting for the ~12 wt% Ti3AlC2 already present in the commercial 
powder), followed by ball milling for 18 h. The mixture was then heated at 5 °C min−1, 
under flowing argon (Ar) in a tube furnace for 2 h at 1,350 °C. The resulting lightly sintered 
brick was ground with a TiN-coated milling bit and sieved through a 400 mesh sieve 
producing powder with particle size less than 38 μm.  
3.1.2 Synthesis of multilayer Ti3C2Tx MXene (HF method) 
As noted above, Ti3C2Tx was synthesized by selective etching of the “A” layers 
away from an Al-containing MAX phase. The Ti3AlC2 powder, with particle size less than 
38 μm was treated with 50% aqueous HF solution (Fisher Scientific, Fair Lawn, NJ) at 
room temperature (RT), for 18 h. The resulting suspensions were washed six to seven times 
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using deionized water and separated from the remaining HF by centrifuging until the pH 
of the liquid reached around 5. The wet sediment was moved to a wide-mouth jar and dried 
in air for 3 to 4 days. Then the obtained Ti3C2Tx powder was placed into capped glass vials 
and stored at ambient conditions for further experiments. 
3.1.3 Synthesis of Ti3C2Tx MXene clay (LiF+HCl method) 
Concentrated HCl (Fisher, technical grade), was added to distilled water to prepare 
a 6 M solution (30 ml total), then 1.98 g (5 molar equivalents) of LiF (Alfa Aesar, 98+%) 
was added to this solution. The mixture was stirred for 5 min with a magnetic Teflon stir 
bar to dissolve the salt. 
Three grams of Ti3AlC2 powder were carefully added over the course of 10 min to 
avoid initial overheating of the solution as a result of the exothermic nature of the reactions. 
The reaction mixture was then held at 40 °C for 45 h, after which the mixture was washed 
through ~5 cycles of distilled water addition, centrifugation (3,500 r.p.m. × 5 min for each 
cycle), and decanting, until the supernatant reached a pH of approximately 6. The final 
product, with a small amount of water, was filtered on cellulose nitrate (0.22 μm pore size).  
3.1.4 Synthesis of multilayered Nb2CTx  
Nb2AlC powders, -400 mesh, were immersed in 50% aqueous hydrofluoric solution, 
HF (Fisher Scientific, Fair Lawn, NJ), for 48 h at 55 °C. The resulting MXene suspension 
was repeatedly washed with deionized water (DI) water and centrifuged at 3500 rpm until 
the pH reached ~ 6. The MXene supernatant was filtered through a polyester membrane 
(25 mm diameter, 3.0 μm pore size, Osmonics Inc., Minnetonka, MN) and additionally 
washed with 50 ml of DI water. 
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3.2 Chemical modification treatment of MXenes 
3.2.1 Intercalation of multilayered Ti3C2Tx 
To intercalate multilayers of Ti3C2Tx, 0.15 g of the powder was suspended in 5 ml 
of 30 wt.% aqueous solution of potassium hydroxide, potassium acetate, lithium acetate, 
sodium acetate, sodium formate, sodium citrate, or zinc sulfate; 25, 20 and 10 wt.% 
aqueous solution of magnesium sulfate, sodium sulfate or potassium sulfate, respectively; 
30 % aqueous solutions of acetic acid, sulfuric acid, or ammonium hydroxide. Then, the 
mixtures were stirred for 24 h with a magnetic stirrer at room temperature, RT. Afterwards, 
the resulting colloidal solutions were filtered through a polyester membrane (25 mm 
diameter, 3 μm pore size, Osmonics Inc., Minnetonka, MN, USA) and dried in a desiccator 
under vacuum (< 10 Torr) at RT. 
Chemicals used in experiments:  
The following chemicals were used: potassium hydroxide (≥85.0%, Fisher 
Chemical, Fair Lawn, NJ, USA), potassium sulfate (certified ACS crystalline, Fisher 
Scientific, Fair Lawn, NJ, USA), potassium acetate (ACS reagent grade, MP Biomedicals, 
LLC, Solon, OH, USA), lithium acetate anhydrous (≥99%, Acros Organics, Fair Lawn, NJ, 
USA), sodium acetate anhydrous (≥99.0%, Alfa Aesar, Ward Hill, MA, USA), sodium 
formate (>99.0%, Alfa Aesar, Ward Hill, MA, USA), sodium citrate tribasic dehydrate 
(>98%, Sigma Aldrich, St. Louis, MO, USA), sodium sulfate anhydrous (99.7%, Acros 
Organics, Fair Lawn, NJ, USA), magnesium sulfate (≥99.5%, Alfa Aesar, Ward Hill, MA, 
USA), zinc sulfate heptahydrate (≥99.0%, Sigma Aldrich, St. Louis, MO, USA). 
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Ammonium hydroxide (28-30 wt.% in water, Fisher Scientific, Fair Lawn, NJ, USA), 
acetic acid (99.8%, Acros Organics, Fair Lawn, NJ, USA), and sulfuric acid (50%, Ricca 
Chemical Company, Arlington, TX, USA) were also used as intercalants. 
3.2.2 Surface modification 
Ionic compound’s treatment. The multilayered Ti3C2Tx powder was modified by chemical 
treatment in aqueous solutions of potassium hydroxide, KOH, potassium acetate, KOAc, 
cesium hydroxide, CsOH, tetramethylammonium hydroxide, TMAOH, with 1 molar 
concentration. Typically, 0.4 g of Ti3C2 was added to 50 mL of the salt solution, stirred for 
an hour; then the solution was decanted after powder sedimentation, this process was 
repeated 5 times.  
Hydrazine and urea treatments. To intercalate Ti3C2Tx with hydrazine monohydrate, HM, 
the Ti3C2Tx powders were suspended in HM and stirred for 24 h at RT. The HM:MXene 
weight ratio was 10:1. To intercalate urea, 5 ml of a 50 wt.% aqueous solution of urea was 
added to 0.3 g of Ti3C2Tx and stirred for 24 h at 60 °C. Later, the resulting colloidal 
solutions of HM and urea treated powders were filtered and washed with ethanol. The 
powders were then dried in a desiccator under vacuum (<10 Torr) at RT.  
 
3.2.3 Delamination of Ti3C2Tx 
To obtain single or few-layer Ti3C2Tx, the multilayered Ti3C2Tx was stirred with 
dimethyl sulfoxide (DMSO) for 18h at room temperature, then the colloidal suspension 
was centrifuged to separate the intercalated powder from the liquid DMSO. After 
decantation of the supernatant, deionized water was added to the residue in a weight ratio 
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of MXene to water of 1:500. Then the suspension was sonicated under Ar for 4 h, and 
centrifuged for 1 h at 3500 rpm.  
3.2.4 Delamination of Nb2CTx 
To obtain a solution of delaminated Nb2CTx sheets, freshly synthesized 
multilayered Nb2CTx was first intercalated with isopropylamine, i-PrA (≥ 99.5 %, Sigma 
Aldrich, St. Louis, MO) by immersing 1 g of MXene in 10 ml of i-PrA aqueous solution 
diluted with DI water in a ratio of i-PrA:H2O of 1:4. After stirring with a magnetic stirrer 
for 18 h at room temperature (RT), the suspension was centrifuged at 3500 rpm for 10 min 
and decanted. The remaining intercalated Nb2CTx powder was suspended in 250 ml of 
deaerated DI water and sonicated for 1 h under Ar flow to prevent oxidation. After 
sonication, the suspension was centrifuged at 1500 rpm for 1 h and then decanted to 
separate the colloidal MXene solution from the MXene particles that did not delaminate 
and settled down instead.  
To find the concentration of the resulting suspension of d-Nb2CTx sheets, a certain 
amount of liquid was filtered through a 0.1 μm pore size filter. The resulting paper was 
dried in a desiccator, detached from the filter and weighed. The concentration was found 
as a ratio of measured mass of d-Nb2CTx paper to the volume of filtrated liquid, in mg/ml. 
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3.3 Electrode preparation 
3.3.1 Electrode film preparation from the multilayer Ti3C2Tx powder 
Electrodes were prepared by mechanical processing of the pre-mixed slurry, containing 
ethanol (190 proof, Decon Laboratories, Inc.), Ti3C2Tx powder, polytetrafluoroethynene 
(PTFE) binder (60 wt.% in H2O, Aldrich) and onion-like carbon (OLC) (28), which was 
added to create a conductive network in-between the particles (MXene is anisotropic: good 
in-sheet conductivity, poor conductivity between the sheets). The resulting electrodes 
which were used for all experiments contained: 85 wt. % of the Ti3C2Tx, 10 wt.% of OLC, 
5 wt. % of PTFE and were 75-100 µm thick. [46] These will henceforth be referred to as 
ML-Ti3C2Tx. 
3.3.2 “Paper” electrode preparation 
At last, the supernatant was decantated and filtered using a porous MF-millipore mixed 
cellulose ester membrane filter (47 mm diameter, 0.025 μm pore size, Fisher Scientific, 
Fair Lawn, NJ, USA) and dried in a desiccator under vacuum (<10 Torr) at RT for 24 h, 
resulting in MXene paper that detaches easily from the membrane and was further used as 
a free-standing electrodes. Thickness of the MXene “paper” varied from 2 to 20 µm. The 
mass density per unit area of tested electrodes was 2-3 mg/cm2. These will henceforth be 
referred to as "paper" electrodes. 
3.3.3 Paper electrodes with CNTs 
Multi-walled CNTs, prepared through a floating catalyst chemical vapor deposition 
method,[47] were dispersed in deionized water by sonication for 30 min with the assistance 
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of 0.03 mol/L sodium dodecylsulphate (99.5%, Fisher Scientific, Fair Lawn, NJ). The CNT 
dispersion was mixed with the d-Nb2CTx solution and stirred, and filtered through a 
polypropylene membrane (3501 Coated PP, Celgard LLC, Charlotte, NC) to yield a 
composite film. The latter was then dried in air at room temperature and peeled off from 
the polypropylene membrane, yielding free-standing, flexible Nb2CTx/CNT paper. The 
Ti3C2Tx/CNT paper was prepared through a similar process starting with a d-Ti3C2Tx 
colloidal solution. The concentration of CNTs in these composite papers was controlled at 
10 wt.%.  
3.3.4 Electrode preparation from MXene clay (LiF+HCL method) 
Preparation of the clay electrodes is depicted step-by-step in Figure 9. The dried and 
crushed Ti3C2Tx powder is hydrated to the consistency of a thick paste, roughly 2 parts 
powder to 1 part water (a)-(c), which turns it into a plastic, ‘clay’-like state, that can be 
formed and molded.  
 
Figure 9. Processing of MXene clay. (a) dried and crushed powder. (b), (c) hydrated clay 
is plastic and can be readily formed and molded. (d) demonstration of films produced in 
the roller mill. (e), (f) rolled freestanding film being lifted off Celgard 
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The ‘clay' is then rolled using a roller mill between water-permeable Celgard sheets (d) on 
either side, resulting in the formation of a freestanding film (e), which was readily lifted 
off of the membrane upon drying (f).[48]   
3.3.5 Activated carbon (AC) counter electrodes 
Activated carbon film electrodes were prepared following the same procedure as for the 
Ti3C2Tx electrodes, but without any conductive additive. Resulting AC electrodes 
composition was 95 wt. % of YP-50 activated carbon (Kuraray, Japan) and 5 wt. % of the 
PTFE. The films were 100-250 µm thick with a mass density per unit area of 10-25 mg/cm2. 
3.4 General material characterization methods 
X-Ray diffraction patterns were recorded with a powder diffractometer (Rigaku SmartLab) 
using Cu Kα radiation (λ = 1.54 Å) with 0.01° 2θ steps and 6 s dwelling time. 
Scanning Electron Microscopy was performed on a SEM (Zeiss Supra 50VP,Carl Zeiss 
SMT AG, Oberkochen, Germany) equipped with an Energy-Dispersive X-Ray 
Spectroscopy (EDX) (Oxford EDX, with INCA software). Most EDX scans were obtained 
at low magnification (100-200 X) at random points of the powdered samples, elemental 
standards used: C: CaCO3; Al: Al2O3; O: SiO2; F: MgF2; Nb: Nb metal. XPP matrix 
correction (Pouchou and Pichoir, 1988) was used for elemental quantitative analysis.  
Transmission electron microscopy of the MXene flakes was performed on a TEM (JEOL 
JEM-2100, Japan) using an accelerating voltage of 200 kV. The TEM samples were 
prepared by dropping two drops of diluted colloidal solution of the MXene flakes onto a 
copper grid and dried in air. The flake size distributions were obtained through statistical 
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analysis of more than 300 MXene flakes in the TEM images.  
X-Ray photoelectron spectroscopy was performed on a spectrometer (VersaProbe 5000, 
Physical Electronics Inc., USA) employing a 100 µm monochromatic Al Kα X-ray beam 
to irradiate the surface of the samples was used to obtain XPS spectra. Emitted 
photoelectrons were collected using a 180° hemispherical electron energy analyzer. 
Samples were analyzed at a 45° takeoﬀ angle between the sample surface and the path to 
the analyzer. High-resolution spectra were taken at a pass energy of 23.50 eV and with a 
step size of 0.05 eV. The peak fitting was carried out using CasaXPS Version 2.3.16 RP 
1.6. 
Resistivity measurements were performed with a 4-point probe (ResTest v1, Jandel 
Engineering Ltd., Bedfordshire, UK). Measured resistivity was automatically multiplied 
by the proper thickness correction factor given by the Jandel software.  
3.5 Electrochemical measurements 
3.5.1 Electrochemical set-up 
All electrochemical measurements were performed in 3-electrode Swagelok cells (Figure 
10), where the MXene-based films served as working electrode, over-capacitive activated 
carbon films were used as counter electrode and Ag/AgCl in 1 M KCl as a reference in 
order to precisely control electrochemical potentials. 
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Figure 10. Schematic illustration of the Swagelok cell 
3.5.2 Electrolytes 
Electrolytes were prepared by the dissolution of the calculated (to match the molar 
concentrations) amount of salts in the DI water. Electrolytes and their concentrations that 
were used in this work: 
Aqueous:  1M and 3M H2SO4, 1M Li2SO4, 1M Na2SO4, 0.5M K2SO4, 1M (NH4)2SO4, 1M 
MgSO4, 1M ZnSO4, 1M Al2(SO4)3, 1M HCl, 1M LiCl, 1M NaCl, 1M KCl, 1M CsCl, 1M 
MgCl2, 1M BaCl2, 1M CaCl2, 1M TMACl, 1M TEACl, 1M TBACl, 1M LiOH, 1M NaOH, 
1M KOH, 1M CsOH, 1M Al(NO3)3, 1M Mg(NO3)2, 1M CH3COOK, 1M CH3COONa 
Organic:  1M LiClO4 (EC:DMC=1:1), 1M LiPF6 (EC:DEC=1:1) 
 Table 1. List of chemicals used for electrolyte preparation 
Compound  Formula  Purity Manufacturer 
Aluminum chloride AlCl3 > 95% 
Alfa Aesar, Ward Hill, MA, 
USA 
Ammonium sulfate (NH4)2SO4 ≥ 99.0% 
Sigma Aldrich, St. Louis, 
MO, USA 
Aluminum sulfate hydrate Al2(SO4)3 ≥98.0% Fluka, St. Louis, MO, USA 
Barium chloride BaCl2 ≥ 99.0% Sigma Aldrich 
Calcium chloride CaCl2 ∽99% MP Biomedicals 
Cesium chloride CsCl 99.9% Alfa Aesar 
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Cesium hydroxide CsOH ≥95.0% Sigma Aldrich 
Lithium chloride LiCl 99% Alfa Aesar 
Lithium perchlorate LiClO4 99.99% Sigma Aldrich 
Lithium 
hexafluorophosphate 
LiPF6 99+% Strem Chemical, Inc.  
Lithium sulfate Li2SO4 ≥98.5% 
Sigma Aldrich, St. Louis, 
MO, USA 
Magnesium chloride 
hexahydrate 
MgCl2 99% Acros Organics 
Magnesium nitrite 
hexahydrate 
Mg(NO3)2 ≥ 99.0 % 
Sigma Aldrich, St. Louis, 
MO, USA 
Magnesium sulfate 
heptahydrate 
1M MgSO4 ≥ 99.5 % 
Alfa Aesar, Ward Hill, MA, 
USA 
Potassium acetate (KOAc) CH3COOK 
ACS reagent 
grade 
MP Biomedicals, LLC, 
Solon, OH, USA 
Potassium chloride KCl 
99.0 to 
100.5% 
Fisher Scientific 
Potassium hydroxide KOH 99.99% 
Sigma Aldrich, St. Louis, 
MO, USA 
Potassium sulfate K2SO4 
certified 
ACS  
Fisher Scientific, Fair Lawn, 
NJ, USA 
Sodium acetate (NaOAc) CH3COONa ≥ 99.0 % 
Alfa Aesar, Ward Hill, MA, 
USA 
Sodium chloride NaCl ≥ 99.0 % Acros Organics 
Sodium carbonate, 
anhydrous 
Na2CO3 ≥ 99.0 % 
Fisher Chemical, Fair Lawn, 
NJ, USA 
Sodium nitrate NaNO3 ≥99% 
Sigma Aldrich, St. Louis, 
MO, USA 
Sodium formate HCOONa > 99.0 % 
Alfa Aesar, Ward Hill, MA, 
USA 
Sodium hydroxide NaOH 98 % 
Alfa Aesar, Ward Hill, MA, 
USA 
Sodium sulfate anhydrous Na2SO4 99.7 % 
Acros Organics, Fair Lawn, 
NJ, USA 
Sulfuric acid H2SO4 95-98% 
Acros Organics, Fair Lawn, 
NJ, USA 
Tetrabuthylammonium 
chloride (TBACl) 
(C4H9)4N
 Cl 99 % 
Sigma Aldrich, St. Louis, 
MO, USA 
Tetraethylammonium 
chloride (TEACl) 
(C2H5)4N
 Cl 99 % 
Sigma Aldrich, St. Louis, 
MO, USA 
Tetramethylammonium 
chloride (TMACl) 
(CH3)4N Cl 97 % 
Sigma Aldrich, St. Louis, 
MO, USA 
Zinc sulfate heptahydrate ZnSO4 ≥ 99.0 % 
Sigma Aldrich, St. Louis, 
MO, USA 
 
52 
 
3.5.3 Electrochemical testing 
Cyclic voltammetry, electrochemical impedance spectroscopy and galvanostatic cycling 
were performed using a VMP3 potentiostat (Biologic, France). 
Typically, cyclic voltammetry was performed using scan rates from 1 mV/s to 100 mV/s. 
In some cases the rates were raised to 1 V/s. Diapasons of cycling were chosen using the 
following principles: 
1) As starting potential, open circuit potential right after assembly of the cell was chosen. 
2) Negative potential limit was chosen by subsequent CV series with expanding voltage 
window: the most negative potential at which at which no electrolyte decomposition 
is observed. 
The reason for choosing OCP as upper limit is to avoid oxidation of MXene in the aqueous 
electrolytes which would lead to irreversible gradual oxidation and lower resulting 
capacitances (see Figure 16c). 
Electrochemical impedance spectroscopy (EIS) was performed at open circuit potential 
with a 10 mV amplitude between 10 mHz and 200 kHz. 
Galvanostatic cycling was performed at 0.1 and 1 A/g with potential limits selected 
specifically for each electrolyte: from -0.5 to 1 V vs. Ag/AgCl for 1 M KCl, from 0 to -0.7 
V vs. Ag/AgCl for MgSO4 and 1 M NaOAc. 
Calculations of volumetric power and energy densities of an electrode and a cell: 
𝐶=(∫𝑗𝑑𝑉)/𝑠/𝑉 [𝐹/𝑐𝑚3] 
𝐸=0.5 𝐶∗𝑉2/3600 [𝑊ℎ/𝑐𝑚3] 
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𝑃=E∗𝑠/𝑉*3600 [𝑊/𝑐𝑚3] 
where C-normalized capacitance [F/cm3],  j-volumetric current density [A/cm3], s-scan rate 
[V/s], V-voltage window [V]. Similar calculations of the gravimetric properties were 
performed, where the gravimetric capacitances and current densities were used instead.  
3.6 In-situ electrochemical characterization 
3.6.1 In-situ electrochemical XRD  
XRD patterns of the Ti3C2Tx electrodes were collected on a Brucker D8 diffractometer 
using a Cu Kα radiation (λ=1.5406 Å) in the range 2θ=5–20° with a step of 0.02°. The 
sample was placed in a 2-electrode Swagelok-type cell and covered with a Mylar window 
to avoid electrolyte evaporation, allowing in-situ XRD recording (cell from LRCS, Amiens 
University) (set up is shown in Figure 11).  
 
Figure 11. Digital image of in-situ XRD set up. 
A MXene film, a mixture of 90% Ti3C2Tx, 5% PTFE and 5% carbon black served as the 
working electrode, and was pressed on a nickel foam current collector and dried at 120 °C. 
Over-capacitive activated carbon films were used as counter electrode. Cyclic voltammetry 
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advanced technique was used in order to control the cell potential. The scans were recorded 
each 0.2 V after linear sweep at 1 mV/s. 
3.6.2 In-situ X-ray Absorption Spectroscopy (XAS) 
In-situ Ti K-edge XAS measurement were performed at beamline X18A at the National 
Synchrotron Light Source (NSLS) of the Brookhaven National Laboratory (BNL) using a 
Si(111) double-crystal monochromator, detuned to 40% of its original maximum intensity 
to eliminate high-order harmonics. 
 
 
Figure 12. Photograph of in-situ XAS cell in (a) assembled view, (b) disassembled view. 
The spectroscopic data was collected in fluorescence mode with a passivated implanted 
planar silicon (PIPS) detector in grazing incident geometry. The PIPS detector was placed 
normal to the incident beam and at a 45° angle to the sample. The Ti K-edge energy, 4966 
eV, was calibrated using the first inflection point of the edge region of a metallic Ti foil 
recorded before and after measurement.  
For the in-situ XAS measurements, during electrochemical testing, we used a two-
electrode 2032 coin-type cells, with a hole (diameter: 3 mm) drilled on the working 
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electrode side (shown in Figure 12. The MXene served as the working electrode, and the 
activated carbon as a counter electrode. A glass fiber separator (Whatman) was soaked in 
a 1M H2SO4 aqueous electrolyte. The hole was sealed with a Mylar film. 
3.6.3 In-situ Atomic Force Microscopy 
Electrochemical experiments were performed using a Bio-Logic SP-200 potentiostat (Bio-
Logic, USA). A three-electrode commercial in situ electrochemical AFM cell (Asylum 
Research, Oxford Instrument Company, USA) was used in this study and shown in Figure 
13a.  
 
Figure 13. In-situ AFM set-up. (a), picture of the electrochemical cell used for in 
situ volume change measurements, and (b) cross-section schematic representation of the 
cell showing how the MXene is electrically connected and how the AFM tip is used to 
monitor the electrode deformation in the presence of electrolyte 
A 14 mm2 Ti3C2Tx paper (with mass density of 4 mg cm
−2and thickness of 
25±2 μm) used as the working electrode was attached to a glassy carbon current collector 
using colloidal graphite and clamped with a PolyEtherEtherKetone (PEEK) cap to ensure 
a good electrical contact. A 12 cm2 activated carbon ring was used as the counter electrode 
(1300 m2 g−1, Y-Carbon, USA). The electrolytes used in this study were 1 M Li2SO4, 1 M 
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Na2SO4, 0.5 M K2SO4, and 1 M MgSO4 (≥99.0%, all purchased from Sigma Aldrich, 
USA). Cyclic voltammetry (CV) curves were recorded at sweep rates between 1 and 
20 mV s−1. Prior to AFM measurements, each working electrode was pre-cycled at 
10 mV s−1 for 24 h to reach a steady state. All potentials are vs Ag/AgCl reference 
electrode. The potential range for electrochemical characterization was chosen to avoid 
unwanted reactions such as MXene oxidation at high potentials or hydrogen evolution at 
low potentials.  
The relative electrode deformation was monitored using an MFP-3D AFM (Asylum 
Research, Oxford Instrument Company, USA). Measurements were conducted by keeping 
the AFM tip in contact with the working electrode with a constant contact force while 
performing CV at various sweep rates (see Figure 13b). Pt coated Nanosensors™ (PPP-
EFM-50, k=0.5-9.5 N m−1) AFM tips were used. 
 
3.6.4 Electrochemical Quartz-Crystal Admittance and in-situ Electronic Conductance 
For QCM measurements Maxtek RQCM Quartz Crystal Microbalance – INFICON was 
used. QCM and electrochemical measurements, using Biologic VSP 300 potentiostat, are 
synchronized in the Labview 9 environment. A sketch (Figure 14) shows schematically 
the process of coating of the AT cut 5MHz Maxtek's 1 inch diameter quartz crystal with a 
slurry containing 80 wt.% MXene powder, 10 wt.% SuperP carbon black and 10 wt.% 
polyvinylidene difluoride (PVdF) binder.  
The crystal was placed into a stainless steel mask (frame), so that only Au 
electrodes of the crystal are exposed to spray of the slurry from a home-made spray gun 
(pulverizer) (schematic illustration shown in Figure 14). 
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Figure 14. Schematic illustration of preparation of composite electrode coatings on gold 
coated quartz crystal.  
The crystal is put onto a hot plate at a temperature of 120° C. Pure Ar or N2 gasses enter a 
home-made spray head under the elevated pressure. The slurry is continuously mixed in a 
beaker using a magnetic stirrer. Crystals coated with composite MXene deposits were dried 
in a vacuum oven for 30 min at 120° C. After cooling to room temperature, the crystal is 
placed into a Maxtek crystal holder linked through a rubber o-ring to a glass 
electrochemical cell. One molar aqueous solutions of Li, Na, K, Cs, Mg, Ca, Ba, TMA, 
TEA, TBA chlorides were used. 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Cation intercalation and capacitive performance of the multilayered HF-Ti3C2 
MXenes 
4.1.1 Intercalation of Ti3C2Tx in aqueous electrolytes 
 It was shown that Ti3C2Tx can be readily and spontaneously intercalated with organic 
molecules, such as hydrazine, DMSO, or urea, among others [10].  Therefore large number 
of salts, bases and acids were explored (see Table 2). X-ray diffraction (XRD) patterns 
showed that, after placing the Ti3C2Tx multilayered powder in salt solutions there was a 
downshift in the (0002) peak position (Figure 15 c-e).  
Table 2. Changes in c-lattice parameters after intercalation of Ti3C2Tx with various ions. 
Value of Δ (third column) indicates the increase of the c-lattice parameter of Ti3C2Tx after 
intercalation (second column) compared to initial c-LP value of 20.3 Å. 
Intercalant c, Å Δ, Å 
Intercalants which possess a basic character  
when dissolved in water 
Potassium hydroxide 25.4 5.1 
Ammonium hydroxide 25.3 5.0 
Sodium carbonate 25.3 5.0 
Sodium hydroxide 25.1 4.8 
Sodium formate 24.9 4.6 
Sodium citrate 24.9 4.6 
Sodium acetate 24.8 4.5 
Potassium acetate 24.6 4.3 
Lithium acetate 24.5 4.2 
Intercalants which possess a nearly neutral character 
when dissolved in water 
Zinc sulfate 21.7 1.4 
Potassium sulfate 21.4 1.1 
Magnesium sulfate 21.3 1.0 
Sodium sulfate 21.0 0.7 
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This downshift shows that in all cases there was an increase in the c-lattice parameter, c-
LP. For example, the c-LP value of Ti3C2Tx increased from 20.3 Å to up to 25.4 Å, when 
the latter was placed in potassium hydroxide, KOH, or ammonium hydroxide, NH4OH 
solutions (Figure 15c). In addition to the compounds listed in Figure 15 c-d other salts 
that intercalated spontaneously were sodium carbonate, Na2CO3, sodium hydroxide, 
NaOH, and lithium hydroxide, LiOH. Not all salts behaved similarly. In the case of high-
pH solutions, such as KOH, NH4OH, NaOH, LiOH and several others (Table 2), the 
changes in the interplanar spacings were large. 
 
Figure 15. Intercalation of multilayer exfoliated Ti3C2Tx. (a) Scanning electron 
micrograph of the Ti3C2Tx layered particle. Inset is a schematic of the same showing 2D 
nature of MXene. (b) Schematic illustration of the intercalation of cations between Ti3C2Tx 
layers. X-ray diffractions patterns of various salts: (c) compounds which form basic 
solutions when dissolved in water, (d) sulfate salts which form nearly neutral solutions 
when dissolved in water and, (e) Na-salts with different organic anions. In all figures the 
location of the Ti3C2Tx peak before immersion in the salt solutions is depicted by dashed 
vertical line. In all cases, the c-lattice parameter increases by the values shown and ranged 
from a high of 5 Å to a low of 0.7Å.  [20] 
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Conversely, close-to-neutral solutions – such as Na-, K-, Mg-sulfates – resulted in 
significantly smaller changes in the c-LP. No shift in the (0002) peak positions was 
observed when Ti3C2Tx was immersed in acetic or sulfuric acid. In order to shed light on 
whether the cations or anions intercalated the Ti3C2Tx layers, three sodium salts - with 
differing anion radii - were tested. The results showed that the c-axis expansions were 
comparable and independent of anion radii. Furthermore, energy-dispersive X-ray 
spectroscopy (EDX) analysis of Ti3C2Tx after treatment in the different sulfate salts, 
confirmed the presence of the cations. For example, sulfur was not detected (Table 3), 
confirming that the cations intercalate between the Ti3C2Tx layers.  
 
Table 3. Energy-dispersive X-ray spectroscopy analysis of Ti3C2Tx powder before and after 
intercalation. 
Material 
Atomic % 
Ti C O F 
Cation of 
electrolyte 
S 
Ti3C2Tx 30.0 14.8 16.0 18.9 - - 
Ti3C2Tx + KOH 30.0 21.2 30.9 11.4 3.2 - 
Ti3C2Tx + NaOAc 30.0 16.2 18.2 27.4 5.5 - 
Ti3C2Tx  + K2SO4 30.0 17.8 8.4 15.4 1.4 0.0 
Ti3C2Tx + Na2SO4 30.0 17.5 12.9 15.8 1.0 0.0 
Ti3C2Tx + MgSO4 30.0 29.7 17.0 18.5 0.5 0.1 
Ti3C2Tx + MgSO4 
(electrode) 
30.0 59.2* 33.5* 40.0* 2.0 0.0 
*Values of the carbon, oxygen and fluorine content are approximate, since spectra were collected 
from the rolled Ti3C2Tx electrode, which contained carbon additive (contributes to C and O 
content) and PTFE binder (contributes to C, O and F content) 
 
This ability of Ti3C2Tx to spontaneously intercalate cations from a variety of typical 
ionic compounds such as salts and bases (listed in Table 2) makes it particularly promising 
for electrochemical capacitance since the space between the conductive Ti3C2Tx layers 
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becomes spontaneously pre-occupied by cations, once the material is in contact with the 
electrolyte. Therefore electrochemical performance of Ti3C2Tx was tested in variety of 
electrolytes as shown in the chapters below. 
4.1.2 Capacitive performance of the multilayer Ti3C2Tx in basic electrolytes and voltage 
window 
We fabricated multilayer Ti3C2Tx electrodes and tested them in LiOH, NaOH and KOH 
and containing electrolytes using a standard 3-electrode asymmetrical set-up with an 
Ag/AgCl reference electrode. The resulting cyclic voltammograms, CVs, are shown in 
Figure 16a. [see Figure 16b for the corresponding electrochemical impedance 
spectroscopy (EIS) results]. The rectangular shaped CVs indicate capacitive behavior in 
these basic solutions. It is important to note that in all experiments the open circuit 
potential, OCP, was taken as the starting potential for the CV scans since 0.1 V above this 
potential, Ti3C2Tx oxidation is observed in aqueous electrolytes which results in increased 
resistivity of electrodes and poorer capacitance (Figure 16b). 
 
Figure 16. (a) Cyclic voltammetry of the Ti3C2Tx in different potential windows (scan rate 
10 mV/s) in 1 M KOH, (b) CV profiles in NaOH, KOH, and LiOH containing solutions at 
20 mV/s 
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4.1.3 Influence of cation valence and electrolyte conductivity 
To study the effect of a cation’s valence on the electrochemical performance of 
multilayer exfoliated Ti3C2Tx electrodes, CV scans were performed in 1 M solutions of K-
, Al-sulfates and nitrates (Figure 17a). Clearly, the responses in the K+ and Al3+ containing 
solutions are distinctively different, confirming once again that the cations, and not the 
anions, are intercalating. The CV plots for K2SO4 are almost perfectly rectangular. 
Conversely, the CV data for the significantly more acidic and less conductive Al2(SO4)3 
electrolyte yield capacitance values that are significantly lower, and the shape of the CV at 
10 mV/s and the EIS results show a higher resistance (Figure 17b). In order to ensure that 
lower electrolyte conductivity is not limiting the capacitive performance, we tested Ti3C2Tx 
in 1 M Al(NO3)3 which has a conductivity similar to the 1 M K2SO4. And while the 
normalized capacitance did not increase appreciably, the CV loops were definitely more 
rectangular (Figure 17a), demonstrating the role of electrolyte conductivity.  
  
Figure 17. Electrochemical performance of Ti3C2Tx based supercapacitors in various 
aqueous electrolytes:(a) CV profiles in K2SO4, Al2(SO4)3 and Al(NO3)3 solutions at 20 
mV/s; (b) Nyquist impedance plots of the ML-Ti3C2Tx collected in K2SO4, Al2(SO4)3 and 
Al(NO3)3 solutions, (c) summary of rate performances in different aqueous electrolytes. 
Further evidence for cation intercalation and its beneficial effect on capacitance is the 
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observation that, for some electrolytes, time was needed to reach a steady state or 
maximum capacitance. For strongly basic electrolytes, such as KOH solutions, the 
rectangular CV plots were observed almost immediately and the capacitances did not 
change with time or cycle number. For other electrolytes, however, there was a slow and 
gradual increase in capacitance with time. For example, in the case of sodium acetate, 
NaOAc, and other less basic electrolytes, maximum capacitance values were only reached 
after 3-6 h. For salts like MgSO4, the CV area increased steadily with time and the 
maximum capacity was only reached after 48 h (Figure 18). Unlike what is observed for 
graphite, there was no irreversible capacitance loss during the first cycle for any of the 
studied electrolytes [49].  
 
Figure 18. CVs of Ti3C2Tx in 1M MgSO4 electrolyte collected after 0 h, 1 h, 6 h, 18 h and 
48 h of cycling. Inset: schematic illustration of the electrochemically induced cation 
intercalation between layers of MXene. 
The performance of the multilayer Ti3C2Tx in all tested electrolytes is summarized in 
Figure 17c. The specific capacitances were calculated by integrating the discharge portions 
of the CVs. The results not only clearly showed responses that depended on the electrolytes 
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used but, as importantly, indicated that the capacitances were quite high indeed for  
material with such moderate surface area (20 m2/g). 
4.1.4  In-situ XRD studies during electrochemical cycling 
In-situ XRD studies of the intercalation process during cycling showed that 
electrochemical cycling leads to insignificant changes in the c-LP values. For example, 
when a Ti3C2Tx electrode was cycled in a KOH containing electrolyte, the c values 
fluctuated within 0.33 Å as the potential was scanned from -1 to - 0.2 V (Figure 19a).  
Interestingly, a slight shrinkage in c-LP values was observed when negative potential is 
applied (i.e. cations are attracted inbetween MXene layers). Similar behavior was observed 
when Ti3C2Tx was cycled in NaOAc containing electrolyte (Figure 19c).  
 
Figure 19. Electrochemical in-situ X-ray diffraction study of multilayer exfoliated Ti3C2Tx 
in, (a) 1M KOH solution and, (b) 1M MgSO4 solution, (c) 3M NaOAc solution.  Vertical 
dashed lines indicate the original position of (0002) peak of the Ti3C2Tx electrodes before 
mounting in a cell. Inclined arrows show the direction of (0002) peak shift. Insets illustrate 
cycling direction and concomitant changes in c-LP during cycling. In all electrolytes 
shrinkage during cathodic polarization was observed. 
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The simplest explanation for this observation is that the positively charged ions 
incorporated in Ti3C2Tx increase the electrostatic attraction between the layers, in a manner 
analogous to what is observed for MnO2 [50]. When Ti3C2Tx was electrochemically cycled 
in 1M MgSO4 containing solution, the shift of the (0002) peak almost doubled compared 
to the KOH electrolyte (compare Figure 19a and Figure 19b). Here again, a slight 
shrinkage in c values was observed when cathodic polarization is applied. 
 
Figure 20. In-situ XRD study of the intercalation kinetics in Ti3C2Tx in 1M MgSO4 solution. 
(a) Patterns of Ti3C2Tx electrode immersed in 1M MgSO4 collected at different times, (b) 
electrochemical in-situ XRD of a sample that was pre-soaked in 1M MgSO4 solution for 
48 h. 
It is important to note, that unlike KOH or NaOAc, when chemical intercalation 
happens almost immediatly, in a MgSO4 solution the process is quite slow. As can be seen 
from the time-dependent set of XRD patterns collected for Ti3C2Tx electrode immersed in 
MgSO4 solution the original peak (corresponding to as produced Ti3C2Tx) disappears with 
time and in almost one week a strong peek at 6° (corresponds to c-LP ~29.5 Å)  appears 
(Figure 20a). The extent of the 0002 peak shift from its original position suggests that Mg 
ion intercalates with partial hydration shell, i.e. water molecules. Also, as it can be seen 
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from the Figure 20b this process can be greatly accelerated if electrochemical potential is 
applied.  
EDX studies (Table 3) indicate that the amount of Mg content in the sample 
synthesized by purely chemical intercalation in MgSO4 is 4 times lower as compared to 
Mg content in the electrochemically cycled Ti3C2Tx sample. 
4.1.5 Capacitive performance of the Ti3C2Tx paper 
In order to gain further insights in the capacitance and what influences it we tested 
MXene “paper” produced by filtering delaminated in DMSO few-layer Ti3C2Tx (Figure 
21b). Main advantages of the Ti3C2Tx “paper” electrodes is that they are hydrophilic, 
conductive, free-standing, flexible (inset in Figure 21b) and additive-free.  
 
Figure 21. Ti3C2Tx paper electrodes. (a) Schematic of electrode fabrication: during the 
first stage, delamination of the Ti3C2Tx is performed to produce few-layer MXene flakes 
(see Section 3.2.3 for experimental details), then the resulting colloidal solution is filtered 
through a porous membrane producing binder- and additive-free Ti3C2Tx paper electrodes 
which are further used in capacitance tests; (b) SEM micrograph of paper electrode. Inset 
is a photograph of the paper showing its flexibility.  
When tested in KOH, the CVs were rectangular, similar to those obtained when 
multilayer Ti3C2Tx powder was used (compare Figure 16a and Figure 22a); same was true 
for 1M MgSO4: shapes of the CVs for paper electrode looked almost identical to that of 
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multilayer powder (Figure 18a).  Furthermore, the EIS results indicated that the Ti3C2Tx 
paper based capacitors were less resistive compared to those made with multilayer Ti3C2Tx 
(Figure 22b). This improved electrochemical response can be related to a number of 
factors, such as the absence of a binder in the system, good contact between restacked 
flakes, which is characteristic for Ti3C2Tx paper, increased accessibility of the structure and 
thinner electrodes (paper electrodes have average thickness of 10 µm, whereas electrodes 
of multilayer powder are ~85 µm thick).  
 
Figure 22. Electrochemical performance of the binder-free delaminated Ti3C2Tx ‘paper’ 
electrodes (10 µm thick). (a) CV of Ti3C2Tx paper in 1M KOH, 1M MgSO4, 3M NaOAc 
electrolytes collected at 10 mV/s. (b) EIS data in KOH for Ti3C2Tx electrode (KOH, solid 
symbols) and Ti3C2Tx paper (p-KOH). (c) Rate performance of the Ti3C2Tx paper (open 
symbols) versus 75µm thick multilayer exfoliated Ti3C2Tx electrode (solid symbols) in 
KOH-, MgSO4-, and NaOAc-containing electrolytes. (d-f) Capacitance retention test of 
Ti3C2Tx paper in KOH (d), MgSO4(e), NaOAc (f). Inset: Galvanostatic cycling data 
collected at 1 A/g. 
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As shown in Figure 22c, the use of Ti3C2Tx paper electrodes, instead of multilayer 
exfoliated Ti3C2Tx, in some electrolytes (e.g., KOH and Na-acetate) roughly doubled the 
gravimetric capacitance, while for MgSO4 capacitances were almost identical. Even more 
impressively, the volumetric capacitance values recorded for few-layer Ti3C2Tx were of 
the order of 340 F/cm3 for KOH (Figure 22d). A capacitance retention test performed by 
galvanostatic cycling at 1 A/g showed almost no degradation in performance after 10,000 
cycles (Figure 22d).  It is important to note, that this initial values of volumetric 
capacitance are noticeably higher than the 60-100 F/cm3 for activated graphene [15,51] or 
180 F/cm3 for micrometer-thin carbide-derived carbon electrodes [52,53]. 
4.2 Coupling between electrochemical and mechanical processes in charging of 
MXene electrochemical capacitors.  
4.2.1 Electrochemical Quartz-Crystal Admittance of HF-Ti3C2Tx powders 
Morphology and electroanalytical features of 2D Ti3C2Tx electrodes 
The morphology of the electrode slurry components and of the composite electrode, 
covering the surface of a gold-coated quartz-crystal (QC), is shown in Figure 23 a-d, 
respectively. As seen from panel (a), the average size of the gold particles and free space 
(or pores) between them are much smaller than the characteristic hydrodynamic parameter 
d, the velocity decay length, which defines the distance at the electrode/solution interface 
across which the shear wave oscillation loses its intensity by a factor of e (i.e. 2.718).  
For a 5 MHz QC in contact with dilute aqueous solutions d is close to 0.24 µm, and 
thus the crystal surface is considered flat at the scale of d. The layered Ti3C2Tx micrometer-
sized particles with a very rough external surface (panel (b)) are electrically and 
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mechanically connected by carbon black particles and PVdF fibrils (panels (b) and (c), 
respectively (see also schematics of composite electrode in panel (e)). The Ti3C2Tx 
agglomerates are rigidly attached to the crystal surface by PVdF fibrils (as evidenced by 
the lack of coated-crystal dissipation when measured in air) forming a continuous, porous 
electrode coating.  
 
Figure 23. (a) SEM and (c) AFM images of neat Au-coated QC, and QC covered with 
spray-deposited PVdF binder, respectively; SEM images of composite electrode (b), 
MXene particles (d); (e) schematics of composite electrode; (f) SEM image of multilayered 
Ti3C2Tx electrode, made with OLC conductive additive and PTFE as binder, (j) MXene 
particle covered by OLC nanoparticles. 
 
The insertion/extraction of ions to/from the Ti3C2Tx particles results in periodic 
changes of their shape and volume in response to changes in electrode potentials (Figure 
23 e). As a consequence, due to clamping of the electrode particles, the mechanical 
deformation of the entire composite electrode layer becomes essentially non-uniform.[54] 
The description of the complicated solid-liquid interactions originating from variations in 
the effective electrode layer thickness, h, and its permeability length, , upon ion 
insertion/extraction is part of the hydrodynamic admittance problem [11, 12] and is dealt with 
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herein. 
Figure 24 summarizes the basic electroanalytical features of thin composite 
Ti3C2Tx electrode coatings (active mass  60 g cm-2) on a QC surface: this data is very 
important since it allows to probe intrinsic electrochemical properties of the MXene with 
minimal contribution of electrode architecture. Nearly rectangular CVs collected in Li2SO4 
solution are show in Figure 24 a-c.  
 
Figure 24. Gravimetric differential capacitances of Ti3C2Tx electrode coating onto QC 
obtained from the CVs: (a) at different scan rates in 0.5 M Li2SO4 and, (b) at a constant 
scan rate of 20 mV/s in Li2SO4 solutions at concentrations indicated. (c) Comparison of 
CVs for Ti3C2Tx and micro-mesoporous BP2000 carbon electrode measured in a 0.5 M 
Li2SO4 solution. (d) Time dependences of the resonance frequency and resonance width 
shifts (left y-axis) and electrode potential (right y-axis) during voltammetric cycling in 0.5 
M Li2SO4 with different potential limits indicated, shown by black, green and red curves, 
respectively. The horizontal spaces between the periodically changing f and W values 
reflect OCV conditions between voltage scans. 
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It is important to note that there is a minor effect of scan rates (Figure 24a) on the 
specific gravimetric capacitance (53-56 Fg-1), and solution concentration (b),  Figure 24c 
compares CVs of the Ti3C2Tx electrode under study with that of a similar mass micro-
mesoporous BP2000 composite carbon electrode. Although the specific gravimetric 
capacitance of the latter is slightly larger (ca. 66 Fg-1) and the capacitive character of its 
CV response is somewhat more pronounced, the striking similarity between both responses 
is evident. Figure 24d clearly shows that EQCA can be effectively used for tracking 
capacitance changes during long-term cycling of Ti3C2Tx electrode with different cut-off 
potentials. As the potential sweeps between -0.6 V and 0.5 V limits, the periodic changes 
in the resonance frequencies, ∆f, and the resonance peak widths, ∆W, remain virtually the 
same, revealing a long-time drift that can be ascribed to electrode oxidation and the change 
in the mechanical properties of the electrode. Here f denotes the frequency shift, as 
compared to that measured at the initial open-circuit potential, OCP, whereas W 
designates the concomitant change in the resonance peak width characterizing dissipation 
phenomena during solid-liquid hydrodynamic interaction. 
Why gravimetric sensing is not sufficient and full EQCA analysis is required? 
This entirely capacitive character of Ti3C2Tx electrode charging is in dramatic 
contrast with common thermodynamic and kinetic limitations observed during charging of 
Li-ion battery intercalation materials,[54] presenting an electrochemical paradox. This 
paradox is solved by analysis of the two components of the hydrodynamic admittance of 
Ti3C2Tx electrodes related to the loaded mass (i.e. ion insertion) and to the electrode 
deformation in response to variations in the inserted ion’s charge and size for a variety of 
alkaline, alkaline-earth and tetraalkylammonium (TAA) cations. In case of nanometer-size 
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either porous or non-porous carbon particles dissipation of oscillation energy in the related 
composite electrodes is practically absent, and the frequency shift, f can be transformed 
to the mass changes of inserted ions, viz. m = - f /Cm (Cm is the sensitivity factor equal 
to 0.056 Hz/ng cm2 for a 5 MHz crystal). Then m can be converted to an ionic population 
change,  (nmol cm-2), assuming the mass changes are due to those of the unsolvated 
cations, Mi, and cationic charge, ‹zi›:  = ‹zi› m/Mi  [55-57]  
The raw EQCA data for the alkaline metal chloride series presented in the panels 
Figure 25 b,d,f,h with the related CVs shown in Figure 25a are evident of the periodic 
changes of resonance width W with sweeping potential (green curves in panels (b,d,f,h)) 
which are much less than those of f (black curves) especially for the bulkier cations.  
 
Figure 25. (a) CVs of Ti3C2Tx in 0.025 M solutions of alkaline metal cation chlorides with, 
(b),(d),(f),(h) accompanying time dependencies of f, W and electrode potential (depicted 
by black, green and red lines, respectively. (c),(e),(g),(i) Adsorption of cations, , as a 
function of electrode charge density, Q. Dashed lines are calculated using Faraday’s law. 
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Neglecting dissipation-induced changes of W, we can calculate  (see Figure 25 panels 
c,e,g,i) as explained in the paragraph above. It is seen that only for insertion of Li-cation 
the slope of the experimental  vs. Q plot is a factor of 1.54 larger than that of the Faradaic 
straight line (red dashed line), translated into 0.65 moles of H2O per each inserted Li-ion. 
In contrast to Li+-cations, insertion of K+ and Cs+-cations is characterized by 
smaller slopes of the experimental  vs. Q-plots than that for the Faradaic one, implying 
replacement of water molecules by the inserted cations. Herein a new alternative approach 
is proposed, which takes into account both frequency changes due to mass of the inserted 
ions and the potential-dependent shifts of the resonance width caused by the accompanying 
electrode deformation for the entire series of alkaline metal cations insertion. 
Hydrodynamic spectroscopy of Ti3C2Tx composite electrode coatings and principles of 
QC admittance analysis.  
The use of EQCA as an important analytical technique has advanced considerably during 
the last two decades and has been successfully used for studying a variety of the processes 
occurring with coated QCs in different media.[58,59] The hydrodynamic spectroscopy 
model requires measuring the crystal admittance of porous electrode layers in contact with 
liquids of different viscosities and densities that in turn are characterized by a variety of 
velocity decay lengths, . This model links the experimentally measured admittance 
components, normalized by liquid density, ρ, i.e. f/ρ and W/ρ, to  through a number of 
porous electrode structure parameters.[60] The governing equations for the total frequency 
and width changes of the resonance peaks are given in Appendix B (equations A1 and A2, 
respectively).Two major geometric parameters of the electrodes’ coatings, namely, their 
effective thickness, h, and permeability length,  are obtained by fitting the admittance 
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model to the experimentally measured values, f/ρ and W/ρ. The permeability length, , 
which affects the resisting force from non-homogeneous solids acting on the liquid, is a 
characteristic lateral length of the electrode layer reflecting its porosity.  
The results of hydrodynamic spectroscopic analysis of Ti3C2Tx electrode coating 
under study are shown in Figure 26. Using equations A1 and A2 the initial (i.e. prior to 
application of a potential scan) values of ho and xo were found to be 0.42 µm and 0.24 µm, 
respectively. The same equations were applied to the potential-dependent changes of f 
and W in order to determine the periodic changes of h and  from their initial values, 
ho and o. It is pertinent to note the mesoscopic scale of the structural information obtained 
by EQCA since, as mentioned above, for dilute aqueous solutions,   0.24 m, is the 
characteristic length of the problem.  
 
Figure 26. Dependence of the resonance width normalized by liquid density (a) and 
resonance frequency shift (b) of the composite Ti3C2Tx electrode rigidly attached to the 
quartz crystal on the velocity decay length. The filled circles reflect experimental data for 
the liquids with different . Solid blue lines present best model fitting. The straight red lines 
are the responses of an ideally smooth interface. Constant frequency shift between the fitted 
blue line in panel (b) and the experimental curve is due to the existence of particles 
agglomerates (bumps), see details of the model in ref. [60]. The parameters of the best fit 
were as follows: ξ = 0.24 μm; L = 0.42 μm; R = 1.14.  
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EQCA can thus easily discriminate between the rigid attachment of the solution 
components in the pores of the electrode coating narrower than , and a situation in which 
significant dissipation of the oscillation energy takes place in pores wider than . Unlike in 
situ XRD, EQCA traces changes in potential-dependent, non-uniform deformations of the 
entire composite electrode layer, including those of the mechanical properties of the 
polymeric binders. The advantage of EQCA over in situ dilatometry[61] is its ability to 
sense even small changes in the electrode layer permeability during ion insertion/extraction 
linked to the changes of its porosity. 
 
Hydrodynamic admittance approach to insertion of alkaline, alkaline-earth and TAA 
cations.  
This hydrodynamic admittance approach was applied to the entire series of alkaline, 
alkaline-earth and TAA cations. The goal was to probe the van der Waals gaps between the 
layers of the Ti3C2Tx particles by inserting cations with different charges and sizes. The 
differential specific gravimetric capacitance of the Ti3C2Tx electrode for the alkaline, 
alkaline-earth metal and TAA cations, are shown in  Figure 27 a, c and e, respectively, 
together with the variation of the geometric parameters of the electrode layer, h and , 
(shown in Figure 27 b, d and f, respectively).  
As the potential shifts more negative than +0.2 V, the cation concentration between the 
layers increases and the response of h and  to that increase is quite telling and can be 
summarized as follows:  
a) When the cations radii are large, such as those for TMA+, TEA+ and TBA+ cations, 
after a small region in which h and  do not change much with potential, their size 
dominates the response, and both h and  increase considerably (Figure 27f). 
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Figure 27. Capacitances of Ti3C2Tx electrode obtained from the CVs measured at a scan 
rate of 50 mV/s in 0.05 M chloride solutions of (a) alkaline, (c) alkaline-earth and (e) TAA 
cations series. The corresponding potential changes in the effective electrode layer 
thicknesses, h (open symbols, left hand y-axis), and their permeability lengths,, (closed 
symbols, right hand y-axis) for, (b) alkaline, (d) alkaline-earth and, (f) TAA cations series. 
Fitting was done with the use of Eqs. A1 and A2 
 
b) In the case of Na+-cations, there are hardly seen any changes (Figure 27b). This 
indirectly implies that the expansion due to the intercalation of these cations is 
balanced by an enhanced attraction between the Ti3C2Tx sheets with increasing Na+-
cations concentration between the sheets. Note that even in this case, at the most 
negative potentials, the contraction dominates over expansion. 
c) For alkali metal ions larger than Na+, size matters more than charge and the lattice 
expands at negative potentials (Figure 27b). 
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d) For the alkali-earth cations (Figure 27d), charge is more important than size and the 
interlayer distance shrinks at negative potentials. Note that initial cation and water 
intercalation causes an increase in c-LP, which later on slightly changes during 
electrochemical cycling.  
e) The response of Li+-cation (Figure 27b) is instructive since it behaves more like the 
alkali-earth cations since although it is a single-charged cation, its size is quite small.  
Said otherwise the most important consideration on how the MXene layers respond to the 
electrochemical insertion of the various cations, is the ratio of the ionic charge to its radius. 
Higher ratios lead to shrinkage; low ratios lead to expansion. It thus can be concluded that 
the proposed hydrodynamic model quantifies the deformation of the composite electrode 
layer in the presence of different cations and consistently explains the dependence of the 
composite electrode deformation on the ion’s charge and size.  
The above quantitative analysis of potential-dependent deformations arising in the 
Ti3C2Tx electrode upon cations insertion was performed when the electrode reached 
stationary state. However, a large benefit of EQCA is its ability to reflect, with high 
sensitivity, also the initial changes in the electrode structure when it is first immersed into 
electrolyte solutions or even pure solvents.[62]  
Some may argue that the results obtained on very thin coatings onto the QC (50-80 
µg/cm2) do not necessarily translate to the characteristics of practical electrodes, typically 
containing 2-10 mg/cm2 of the active electrode mass. In contrast to the former coatings (i.e. 
related to the QC) the latter composite electrodes are calendared and tested in coin or 
Swagelok cells under considerable pressure. The question arises as to whether the 
reversible capacitance and the mechanical changes of these two types of electrodes with 
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entirely different cell geometries and extents of electrodes compression are comparable.  
In order to answer this important question the electrochemical measurements with ML-
Ti3C2Tx electrodes (produced by mechanical rolling of the MXene + PTFE + Carbon black 
dried slurries) in Swagelok cells were performed.  
Rolled and clamped PTFE-based composite Ti3C2Tx electrodes.  
We first checked that the galvanostatic and CV mode of charging, performed at 
comparable rates, led to similar differential specific gravimetric capacitances (Figure 28).  
Figure 29a shows as an example capacitances resulted from the CV curves for scan rates 
varying from 0.5 to 100 mV/s. Qualitatively, the CVs measured with the rolled electrode 
are similar to those measured with the electrode coating attached to the QC surface (Figure 
24a). Note that the active mass of the former rolled coating is by 2 orders of magnitude 
larger than that deposited on the QC surface.  
 
Figure 28. (a) Differential gravimetric capacitance of Ti3C2Tx /carbon black-PTFE 
laminates (obtained from the CVs, dashed lines, scan rate 1 mV/s and by differentiation of 
the galvanostatic curves (solid lines, current density 0.1 A/g)). (b) Galvanostatic curves 
obtained in 1 M LiCl and 1M MgCl2 solutions (electrode masses 4.26 mg and 3.03 mg, 
respectively) are shown in panel. Measurements were performed in a Swagelok cell. 
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Although the absolute capacitances for both electrodes are quite similar, the rolled 
electrodes - owing to their larger thicknesses and despite the clamping that decreases inter-
particle contact resistance - show a somewhat larger dispersion of the capacitances as a 
function of scan rates. Figure 29b presents a more quantitative view of the effect of the 
kinetic limitation of the electrode capacitance.  
 
Figure 29. (a) Scan rate dependence of capacitances of rolled MXene/carbon black-PTFE 
electrodes tested in Swagelok cells (mass loading, 4.26 mg) in 1 M LiCl solution. (b) Scan-
rate dependence of the CV current measured during charging at a potential of -0.2 V. (c) 
shows the scan-rate dependence of the related capacitances. Ideal equilibrium situation 
(no diffusion limitations) is shown by dashed red lines. (c) Capacitances of two rolled 
electrodes in 1 M LiCl measured at a scan rate of 2 mV/s.  2.26 mg and 4.26 mg mass 
loading relate to solid black line and open squares, respectively. The capacitance of fresh 
electrode (mass loading, 3.03 mg) and that obtained by Li+ to Mg2+ ion exchange (mass 
loading, 2.26 mg) in contact with 1 M MgCl2 are shown by orange semi-filled symbols and 
dashed curves, respectively 
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The double log plot of the capacitance measured at -0.2 V reveals a perfect linear 
dependence (with correlation coefficient close to 1) with a slope equal to 0.95. This slope 
is significantly higher than 0.5, characteristic of diffusion limited processes. Notably, 
however, it is much closer to the unit slope characteristic of completely reversible behavior 
with the expected independence of capacitance on scan rate. The plots shown in Figure 
29c visualize the fact that even a 5% decrease of the slope in the double log plot (i.e. from 
1 to 0.95) results in a notable decrease in the electrode capacitance at high scan rates. 
Figure 29d demonstrates two important experimental observations. First, at the relatively 
slow scan rate of 2 mV/s (black and orange curves for LiCl and MgCl2 solutions, 
respectively, in Figure 29d), the gravimetric capacitances are a weak function of electrode 
mass loading (compare cells 1 and 2 for LiCl and MgCl2). Second, even more important, 
is that after replacing LiCl by a MgCl2 solution for the same electrode a higher capacitance 
was recorded for the latter (see dashed orange curve), consistent with the results obtained 
by EQCA.  
Figure 30a summarizes capacitive rate performance of the MXene/carbon 
black/PTFE rolled electrodes tested in Swagelok cell in variety of electrolytes. Figure 30b 
compares capacitances of thin Ti3C2Tx electrode coatings of a QC and thick electrode 
coatings studied in Swagelok cell: the agreement is very good for all the cations tested. The 
reliable values of crystallographic radii for different cations were taken from the same 
literature source.[63] It is seen that for double-charged cations the capacitance tends to 
locate between that for single-charged cations and a twice larger capacitance (dotted lines 
in Figure 30b). 
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Figure 30. (a) summary of the rate-dependence of the capacitance of MXene/carbon 
black/PTFE rolled electrodes (b) Comparison between gravimetric specific capacitance of 
thin composite Ti3C2Tx electrode (with PVdF binder) obtained by EQCA (open symbols; 
mass loadings of 50-60 μg/cm2; 0.05M chloride solutions) and capacitance of 
MXene/carbon black/PTFE rolled electrodes (solid symbols; mass loadings between 2 and 
4 mg/cm2; 1M chlorides solutions). Scan rate 10 mV/s. Purple lines are guides to the eye. 
The ideal case of a twice larger capacitance for double-charged as compared to that of 
single-charged cations strongly implies that insertion of cations is limited by the number 
of sites available in the host electrode during its charging. However, this thermodynamic 
in its origin factor overlaps with the kinetic one, revealing that insertion of double-charged 
cations is slower than that of single-charged cations. This conclusion is supported by all 
techniques used in this work.  In fact, a small-mass (single to a few particles layer thick) 
electrode coating onto QC surface is less affected by interparticle contact resistance 
compared to that of a moderately thick coating under non-clamped conditions in a typical 
in situ conductance experiment. However, flexible well-formed rolled electrodes tested in 
Swagelok cells under pressure reveal again a diminished effect of the potential-dependent 
changes of the particles size and their contact resistances on the electrode capacitance as 
follows from the CV study in LiCl and MgCl2 solutions at two different scan rates (Figure 
31a) and by using electrochemical impedance (Figure 31 b-d). 
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Figure 31. a) Capacitances of rolled MXene/carbon black-PTFE electrode obtained in a 
Swagelok cell at a scan rate 2 mV/s and 20 mV/s (lines and symbols, respectively) in 1 M 
solution of LiCl and MgCl2 (blue and black curves, respectively). (b) The effective low-
frequency electrode capacitance calculated from the Nyquist plot measured in MgCl2 
solution: circles relate to the experimental plot, whereas solid line presents best fit by CPE. 
Dashed red line corresponds to ideal capacitive behavior; (c) Impedance spectra of the 
same electrodes measured at the potential of -0.2 V. Inset presents enlarged view of the 
high-frequency domain of the spectra.; (d) Impedance spectra of the same electrodes in 1 
MgCl2 at E=-0.2 V (Inset presents enlarged view of high-frequency domain) during 
different periods during long-term electrode cycling at a rate of 1 mV/s: black curves relate 
to electrode, prior to long-term cycling; red curves were measured after 100 cycles. Note 
that Y-axes of main plots in panels (b) and (d) are normalized by the electrodes masses. 
At slower scan rate (2 mV/s), the CVs in the MgCl2 solution differ from those in the 
LiCl solution by a much higher increase of current towards both ends of the scanning 
potentials which is reminiscent of a large electrode deformation in the presence of Mg2+-
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cation and the related slower insertion kinetics as will be explained later. 
The capacitive character of CVs of Ti3C2Tx electrode was compared for consistency 
with that of the electrochemical impedance measured in the same solutions. The low-
frequency domain of the Nyquist plot is expected to be linked to the gravimetric differential 
capacitance, C (the imaginary part of impedance Z′′= -1/C, where  is the angular 
frequency of AC current) and should thus be comparable to that obtained from the related 
CV curves. In contrast, the high-frequency domain of impedance spectra reflects the rate 
of interfacial charge-transfer processes, that are not immediately seen from the CVs 
measured at a much slower rates intrinsic for this technique. Figure 31c shows that the 
low-frequency domains of the electrode spectra measured in LiCl and MgCl2 solutions are 
quite comparable, and can be presented by a constant-phase element (CPE) with a 
fractional exponent  = 0.94. The high-frequency domain of the electrode impedance in 
MgCl2 reveals a depressed semicircle whereas such a semicircle is absent in the spectrum 
measured in LiCl (inset in Figure 31c). This semicircle can originate from ion transfer 
across the entire interface of Ti3C2Tx particles in contact with the electrolyte solution.  
Since BET surface area of the Ti3C2Tx powder is around 23 m2/g, the capacitance 
taken at the semicircle’s maximum translates to about 1 µF/cm2. This value is by an order 
of magnitude lower than that typically expected for a variety of electrodes in aqueous 
solutions. This can be explained by incomplete accessibility of the external surface area of 
powdery particles in thick rolled electrodes in the high-frequency range. In this way, we 
assigned the high-frequency semicircle of the Nyquist plots to Mg2+-ion transfer, which 
appears thus much slower than the transfer of single-charged Li+-ions. Figure 31b presents 
the plot of the effective low-frequency capacitance vs. log frequency calculated from the 
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experimental Nyquist plot in MgCl2 solution (circles) and from the best fit (black solid 
line) we extract the CPE coefficient 58 F s  - 1 g-1, and CPE exponent  = 0.94. This linear 
plot compares well with the linear capacitance vs. log scan rates plot for the CV (inset in 
Figure 5b) revealing consistency between the data obtained by both techniques. Finally, in 
view of the non-capacitive features of the CV plots of Ti3C2Tx electrodes in MgCl2 
solutions towards the ends of electrochemical stability window, the electrode was cycled 
100 times at a scan rate 1 mV/s.  
When the impedance measured immediately after the 100 cycles (red solid 
diamonds in Figure 31d) was compared with that before the test (black solid diamonds in 
Figure 31d), it is obvious that the long-term cycling of the electrode in the MgCl2 solution 
results in further retardation of the interfacial ion transfer in the high-frequency domain 
(inset in Figure 31d) of the spectra, and in a diminished value of the CPE exponent in the 
low-frequency domain typical of aging of the active electrode mass. The electrochemical 
impedance characterization of the Ti3C2Tx/PTFE electrode in contact with LiCl and MgCl2 
solutions presents further evidence for the highly reversible character of cation insertion 
into this rolled electrode. The capacitive line of the Nyquist plot (Figure 31c) is the low-
frequency limit of the finite-space Warburg behavior,[64] which describes equally the 
processes of ion adsorption and intercalation on the electrode surface and its interior, 
respectively. These two processes are typically distinguished by much slower interfacial 
and diffusion kinetics for the intercalation processes. This certainly is not the case for 
Ti3C2Tx showing a clearly expressed capacitive-type of impedance in an extremely wide 
frequency range. This capacitive character of the impedance was also recently reported for 
orto-Nb2O5 [65] and N- and B-doped graphene sheets electrodes.[66] However, the 
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exponent of the CPE of the low-frequency impedance for both these electrodes is smaller 
than that for Ti3C2Tx suggesting more perfect capacitive behavior of the latter.  
 
Short summary of observations 
Herein in I wanted to summarize in simplified form the results of the complementary use 
of EQCA, in situ electronic conductance and electrochemical impedance measurements of 
multilayered 2D Ti3C2Tx electrodes and how they allowed us to simultaneously track their 
state of charge and ion-induced deformations, along with studying the insertion kinetics of 
a large variety of cations.  
 
 
Figure 32. Schematic illustration of the mechanical response of the MXene/PTFE 
composite upon insertion of the cations with different charge to size ratio. 
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The following information has been obtained: i) Highly charged small cations contract the 
interlayer spaces of 2D Ti3C2Tx electrodes, whereas larger cations with smaller charges 
expand the interlayer spaces (Figure 32), ii) Capacitance values for thin coatings measured 
by EQCA (mass loadings of 50-60 μg/cm2)  was almost identical to capacitance of thick 
composite electrodes measured using Swagelok cells (mass loadings 2-4 mg/cm2) (Figure 
29b), iii) Most of the cations insert unsolvated during charge and only Li+ maintains partial 
hydration shell of 0.65 water molecules per Li-ion (Figure 25). 
 
4.2.2 Electrochemical in-situ AFM of the delaminated Ti3C2Tx ‘paper’ electrodes 
As was shown above (using in situ X-ray diffraction and Electrochemical Quartz 
Crystal Admittance measurements during charge/discharge) cation intercalation between 
MXene sheets leads to a decrease in the distance between the layers (and corresponding c-
lattice parameter) [20,62]. Depending on the charge/ionic radius ratio of the cation, the 
screening of electrostatic repulsive forces between charged groups on the Ti3C2Tx sheet 
surfaces may result in different electrode deformation. Such a feature is appealing for 
electrochemically-controlled actuators, which convert electrical energy into mechanical 
energy [67,68]. Moreover, thanks to its metallic electrical conductivity [48], as well as its 
high predicted elastic constants and bending rigidity [69], Ti3C2Tx MXene appears to be a 
good candidate for electromechanical applications.  
Yet, no reports on direct measurements of the MXene deformation are available, 
and the effective macroscopic volumetric changes of the electrode during charge and 
discharge have not been described so far. Furthermore, understanding the intricate interplay 
87 
 
of ion insertion, electrode volume changes, and the resulting capacitance can help to 
optimize and tailor the electrochemical performance and lifetime of electrode materials. 
 In this work we investigate the macroscopic deformation of the Ti3C2Tx “paper” 
(additives-free assembly of the few/single-layer(s) MXene flakes shown in Figure 33a) 
during cation insertion (charging). Atomic force microscopy (AFM) has the unique 
advantage of having a Z (height) resolution of < 1 nm and high lateral resolution 
determined by the AFM tip geometry (ca. 20 nm).  
 
Figure 33. a) Scanning electron microscopy image and b) tapping mode AFM image of the 
surface of the delaminated Ti3C2Tx paper electrode, c) picture of the electrochemical cell 
used for in situ volume change measurements, and d) cross-section schematic 
representation of the cell showing how the MXene is electrically connected and how the 
AFM tip is used to monitor the electrode deformation in the presence of electrolyte. 
This technique has been broadly used as an in situ probe to monitor the dimensional 
changes of battery [70-74], pseudocapacitor [75,76], and EDLC electrodes [77,78]. 
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Another key advantage of these experiments is that they can be performed at various 
charging and discharging rates. Here, the deformation response of Ti3C2Tx is measured in 
different aqueous electrolytes to determine the effect of varying the electrolyte cation size 
and charge on the electrochemical and mechanical response.  
Figure 34 and b show the CV curves and the corresponding deformation profile 
demonstrated by the d-Ti3C2Tx paper electrode during intercalation of various cations.  
 
Figure 34. a) CV curves at 2 mV s-1 of Ti3C2Tx paper in various electrolytes, and b) 
corresponding relative electrode deformation profiles, c) schematic representation of 2 
MXene layers attracted to each other when cations are intercalated in-between (–OH 
terminations groups are shown as an example). 
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Interestingly, insertion of Li+, Na+ and Mg2+ ions results in contraction of the electrode, 
whereas for K+ electrolyte a small expansion is observed. The values of the relative height 
change scale appropriately with the charge/ionic radius ratio values (1.67 Å-1, 1.05 Å-1, 
0.75 Å-1 and 2.78 Å-1 for Li+, Na+, K+ and Mg2+, respectively) [79].  For monovalent 
cations, the contraction amplitude decreases for larger ionic radius, since the steric 
hindrance contribution due to larger size becomes more important. The attractive forces 
between negatively charged MXene sheets and cations in the interlayer spaces are likely to 
dominate the deformation, as represented in Figure 34c. 
In K+ case however, the steric occupancy between MXene sheets dominates the 
charge storage due to the large ionic radius. It is interesting to note that the effective radii 
of hydrated ions (ca. 3.82 Å, 3.58 Å, 3.31 Å and 4.28 Å for Li+, Na+, K+ and Mg2+, 
respectively) [80] do not correlate with the deformation profiles: the larger size of the 
hydrated Li+ ion should result in a smaller contraction than hydrated Na+ or K+ ions. Most 
likely, the hydration shell is partially removed or rearranged when ions are intercalated 
between the layers [62,80,81], as it was shown for the multilayer Ti3C2Tx (HF) using 
EQCA: only Li+ maintained partial hydration shell such as 0.65 water molecules per each 
Li+, while all other ions move in between layers unsolvated Figure 25b.  
Interestingly, two different regions are clearly observed in the CV curves and height 
change profile when the MXene paper is cycled in Li2SO4. At potentials higher than -0.25V, 
Li+ specific current density values (normalized by the scan rate at which CV was performed 
and volume of the electrode to convert to specific capacitance units) are higher than 300 
F cm-3 and it drops to around 200 F cm-3 when E < -0.25V. At the same time, the electrode 
contraction is small at first and increases strongly when current density changes during the 
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charging process. During discharge, the contraction rate is small at first and increases 
strongly again when the capacitance changes, resulting in a hysteresis between charge and 
discharge (Figure 34b).  
The decrease in the Li+ intercalation capacitance along with the change of 
contraction rate at potentials lower than -0.25V remains unclear at this point, and contrasts 
with the increase in the capacitance in the same potential region for Mg2+ intercalation. 
Nevertheless, this strongly points to a 2 steps storage process, either due to adsorption in 
deep and shallow sites, or to reorganization/ordering of the layered structure. In turn, the 
hysteresis could be associated with the large positive overpotential required to extract 
strongly bonded cations that may be exchanging with protons on MXene surface, or to a 
partial intercalation of anions at potentials higher than 0V.   
In order to shed light on this observation, in situ XRD measurements were performed. 
The XRD pattern of the dry Ti3C2Tx paper (Figure 35a) shows the flakes ordering in the c 
direction. The (0002) peak is located at 8.83°, corresponding to a d-spacing of 10.04 Å. 
Figure 35b shows that the (0002) peak shifted to lower angles during Li+ intercalation, and 
shifted back to higher angles as Li+ ions are extracted. As expected, the corresponding d-
spacing values in Figure 35d show the shrinkage of the MXene layers upon Li+ 
intercalation, from 12.84 Å to 12.56 Å, which is equivalent to ~2.1%.  Since the decrease 
in the d-spacing is lower than the macroscopic contraction recorded previously, additional 
electrostatic forces must play a role in the interactions between MXene sheets.  The volume 
change profile is consistent with the dilatometry experiments, with the same hysteresis 
shape between charge and discharge.  
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Figure 35. a) X-ray diffraction patterns of the dry Ti3C2Tx paper, evolution of the (0002) 
diffraction peak at different potentials during electrochemical cycling in b) 1M Li2SO4 and 
c) 1M K2SO4 electrolytes, and d) corresponding d-spacing values as a function of the 
potential. 
Upon cation intercalation, the diffraction peak becomes sharper and more intense, 
highlighting that the carbide layers become more ordered as the Li+ content increases. As 
a comparison similar experiments were performed in K2SO4 electrolyte (Figure 35c). Here 
again the d-spacing evolution matches the macroscopic deformation profile, since only 
0.3% volume change was measured. In this case as well the peak shows higher intensity at 
larger K+ content. Surprisingly, intercalation of large K+ ion led to smaller d-spacing than 
Li+. Although the reason for this is unclear at this point, possible explanation can be co-
intercalation of the water molecules between the layers.  
The unusual electrode contraction differs from the well-established swelling of 
other 2D materials such as carbon [61,82,83] or reduced graphene oxide [84] when they 
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are intercalated with molecules and/or ions. Moreover, the amplitude of the shrinkage can 
be higher than 10% in the case of intercalation of Li+. To get more insight in the two-step 
process observed for Li+ intercalation, Figure 36 a and b show the CV curves and 
corresponding height change profiles plotted versus normalized time for scan rates from 1 
to 20 mV s-1. As the capacitance decreases with increasing sweep rate, the electrode 
undergoes important deformation changes. During intercalation, the electrode first expands 
(Figure 36b), and the amplitude of the expansion increases with the sweep rate. The change 
in the electrode deformation may be the result of complex interactions between Ti3C2Tx 
sheets and adsorbed metal ions. At high rates, adsorption of the positively charged cations 
at the Ti3C2Tx surface may not be fast enough to shield the electrostatic repulsions between 
negatively charged MXene sheets. The subsequent contraction is measured once a 
sufficient number of Li+ ions are intercalated. This is consistent with the slight expansion 
observed at high rate during the Li+ extraction process, caused by repulsive interactions 
between the residual cations and the positively charged layers.   
 
 
Figure 36. a) CV curves from 1 to 20 mV s-1 and b) corresponding height change profiles 
plotted as a function of normalized time in Li2SO4 electrolyte. 
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Such mechanism can contribute to the capacitance decrease at high sweep rates. 
Overcrowding by the presence of water molecules and possibly anions between the layers 
may also contribute to the expansion at high rates. Such species might not have enough 
time to make room for cation adsorption, hence leading to steric hindrance between MXene 
layers. The investigation of electrode deformation reveals interesting insights into the 
intercalation process for cations of different sizes and charges and their interaction with the 
MXene sheets. Due to the high reproducibility of the observed behavior, it can also be used 
to tailor the electrode deformation for specific applications. For example, the insertion of 
K+ ions reveals an almost zero electrode deformation which will guarantee low mechanical 
stresses during charge and discharge, important for a long cyclic lifetime. 
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4.3 Effect of surface chemistry of the capacitive performance of Ti3C2Tx 
4.3.1 Comparison between Ti3C2Tx (HF) and delaminated Ti3C2Tx (DMSO) 
As was shown in Section 4.1.5 volumetric capacitance of d-Ti3C2Tx is ~7 times 
higher than that of as-received Ti3C2Tx (HF) in the same electrolyte (Figure 37a), while 
the main factor is higher density of the d-Ti3C2Tx electrodes (compare 1.2 g/cm
3 to 3.8 
g/cm3), the other factor is higher gravimetric capacitance. An increase in gravimetric 
capacitance deserves particular attention since it has more fundamental character, much 
less dependent on the electrode architecture. As can be seen in (Figure 37b), gravimetric 
capacitance of the delaminated Ti3C2Tx is almost double of as-received ML-Ti3C2Tx (HF).  
 
Figure 37. Rate dependence of the (a) volumetric and (b) gravimetric capacitances for 
ML-Ti3C2Tx and d-Ti3C2Tx in KOH and other aqueous electrolytes. 
One can assume that possible reasons can be better ion accessibility in thinner 
delaminated electrodes, however, as can be seen in Figure 30, the comparison of the 
electrochemical performance for thin coatings (50-60 μg/cm2) with thick rolled electrodes 
(2-4 mg/cm2) illustrates that gravimetric capacitance of ML-Ti3C2Tx samples to be almost 
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unaffected by the electrode loading.  Therefore, it hints that material properties such as 
surface chemistry change in process of delamination (which involves intercalation of the 
DMSO, washing and sonication in water). In order to extract information about surface 
chemistry of the d-Ti3C2Tx XPS analysis of the sample was performed and compared to 
the non-treated Ti3C2Tx (HF) MXene spectra[85]. High resolution fitted spectra of the d-
Ti3C2Tx are depicted in Figure 38.  
 
Figure 38. High-resolution XPS spectra of the d-Ti3C2Tx in the (a) Ti 2p region, (b) C 1s 
region, (c) O1s region and (d) F 1s region. 
Following the analysis presented in the study by Halim et al [85] the 3.85 ratio of the O to 
F was obtained for d-Ti3C2Tx after subtracting the contribution of the oxide (XPS is surface 
sensitive technique, and oxides are always present of the sample surface) compared to 0.88 
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oxygen to fluorine ratio in Ti3C2Tx (HF) sample.[85] Although XPS provides more precise 
information other methods such as EDX can be also used to examine change in chemical 
composition. As can be seen from Table 4, O:F ratios extracted from EDX analysis clearly 
show that DMSO treatment results in decreased amount of the fluorine and increased 
amount of oxygen when compared to as-received Ti3C2Tx (HF) sample. Other chemical 
that caused significant changes in the O:F ratio was potassium hydroxide, KOH, which can 
be explained by the instability of the Ti-F bonds in high pH solutions (see Pourbaix diagram 
in Figure 39).   
Table 4. Energy-dispersive X-ray spectroscopy analysis of Ti3C2Tx powder before and after 
simple chemical treatments. 
 Ti C O F 
O : F 
ratio 
Ti3C2Tx 30.0 14.8 16.0 18.9 0.85 
Ti3C2Tx |KOH 30.0 21.2 30.9 11.4 2.71 
Ti3C2Tx |DMSO 30.0 17.8 23 11 2.09 
Ti3C2Tx |K2SO4 30.0 17.5 12.9 15.8 0.82 
Ti3C2Tx |KOAc 30.0 16.2 18.2 27.4 0.66 
 
 
Figure 39. Ti-H2O Pourbaix Diagram in Presence of Fluorine 10
-4 M fluorine in aqueous 
solution at room temperature.  
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Ti3C2Tx (HF) has a moderate SSA of 23 m²/g and is assumed to be terminated with 
–F and –OH/=O functional groups, where the –F group may be a detriment to charge 
storage and F- is not known to participate in any pseudocapacitive energy storage 
processes. Therefore a number of directed surface modification experiments were 
performed to study the influence of the surface chemistry on the capacitive performance. 
As potential benefit is expanding use of MXene energy storage devices which require much 
higher loadings of the material and, consequently, thicker MXene electrodes.[86] 
Please note that for this comparative study 1M H2SO4 was used as electrolyte 
(selection of this electrolyte was motivated by electrolyte high conductivity of 230 mS/cm 
as well protons being the smallest cations that is fair to assume will be able to access higher 
fraction of redox-active sites).  To assess changes in surface chemistry XPS, NMR and 
TPD-MS analysis of the as received ML-Ti3C2Tx and modified samples were performed.  
 
4.3.2 KOH, KOAc, CsOH, TMAOH treatments: comparison with d-Ti3C2Tx and as 
produced Ti3C2Tx  
A number of surface modifications were performed on multilayer Ti3C2Tx (HF) 
powder using solutions of the following ionic compounds: KOH, KOAc, CsOH, TMAOH. 
The idea was to probe i) an effect of the pre-intercalated cation on the resulting 
electrochemical performance (comparison of the CsOH, KOH and TMAOH treated 
samples), ii) an effect of changes in surface chemistry for the same intercalated cation 
(comparison of the KOH an KOAc treated samples). While electrochemical 
characterization was conducted for all modified samples, detailed XPS analysis was 
performed only for KOH and KOAc samples. 
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Surface chemistry and structure of KOH, KOAc: comparison with d-Ti3C2Tx and as 
produced Ti3C2Tx  
X-ray diffraction (XRD) patterns of Ti3C2Tx, KOH-Ti3C2, KOAc-Ti3C2 and d-
Ti3C2Tx  are shown in Figure 40a. The intercalation of species between layers induces an 
increase in the c-lattice parameter (which defines distance between single Ti3C2 sheets), 
noticeable by the 2θ downshift of the (0002) peak position compared to Ti3C2Tx. The two 
chemicals (KOH and KOAc) share the same cation, thus the difference in their c-lattice 
parameter is related to other factors, such as pH. Expectedly, treatment with TMAOH 
resulted in largest shift in c-LP by ~10 Å. 
 
Figure 40. Characterization data of Ti3C2-based materials after surface modification in 
various intercalation agents: (a) XRD in the (0002) peak region, and (b–d) high-resolution 
XPS spectra in the F 1s region, Ti 2p region and K 2p region, respectively. 
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Yet, despite of acetate ion being larger than hydroxide ion, KOH-Ti3C2 has a larger 
c-lattice parameter than KOAc-Ti3C2, thus the difference cannot be directly correlated with 
the size of the anion. As discussed below, the KOH and KOAc treatments lead to two 
different surface chemistries, which may have an effect on the c-lattice parameter. X-ray 
photoelectron spectroscopy (XPS) was used to characterize the surface chemistry of the 
samples. High-resolution XPS spectra of the samples (Ti3C2Tx, KOH-Ti3C2, KOAc-Ti3C2 
and d-Ti3C2, shown in Figure 40b-d) in the F 1s region indicated that the Ti3C2Tx sample 
contained a large amount of F-terminated Ti (Figure 40b). It was also noticed that AlF3 salt 
residue from MAX phase etching was only present in the KOAc-Ti3C2 and Ti3C2Tx 
samples. It was completely removed after KOH or DMSO treatment. The intensity of the 
Ti-F peaks decreases in the order d-Ti3C2, KOAc-Ti3C2, KOH-Ti3C2, being the lowest for 
the latter one. The signal of the Ti-F component, which was initially at 684.4 eV, shifts 
toward a higher-binding energy as F is removed from Ti as fluoride salt.  
Due to the 2D-nature of the Ti3C2Tx, oxidation does not proceed homogeneously 
and likely starts from the outer edges of the multilayered Ti3C2Tx particles, giving oxides 
and mixed carboxides (TiCxOy) at the flake edges and on the outermost surface layer of the 
multilayer particle, while Ti3C2Tx remains in the center of the grain.  This inhomogeneity 
gives rise to the broadened and convoluted spectra seen in the Ti 2p region (Figure 40c). In 
this region, the Ti-carbide photoemission arises from Ti3C2, while the Ti (II) and Ti (III) 
components arise from these mixed oxides and carboxides, and the Ti (IV) component 
arises from TiO2 present on the surface of the grains as oxidation goes to completion. These 
spectra also include a component for Ti-F that becomes less prominent and merges with 
that for Ti (IV), likely as a result of the formation of a small amount of the intermediate, 
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fluorinated TiO2, as hydroxyl groups replace the –F termination during the oxidation of the 
outer surfaces of the Ti3C2. This region also indicates oxidation of the surface of the 
Ti3C2Tx grains to Ti (IV) (TiO2) for all modified Ti3C2Tx samples. Accordingly, instead of 
F-termination, the KOH-Ti3C2, KOAc-Ti3C2 and d-Ti3C2 surfaces are terminated with 
oxygen-containing groups. High-resolution spectra of the samples in the K 1s region 
(Figure 40d) reveal two components, the first is for K+ that is strongly electrosorbed and 
the second component suggests that K+ is present as salt, probably KF. The electrosorbed 
K+ is much more prevalent in KOAc-Ti3C2 than in KOH-Ti3C2. 
 
Electrochemical performance of the Ti3C2Tx KOH, KOAc, CsOH, TMAOH and DMSO 
treated in acidic electrolyte 
Figure 41a shows the cyclic voltammograms (CVs) of all samples tested at 10 
mV.s-1 sweep rate in aqueous 1 M H2SO4. Upon cycling, none of the materials presented a 
change in the c-lattice parameters as measured using XRD. This can be explained by the 
fact that distance between two Ti3C2 layers is large enough that of the intercalation of small 
H+ has no effect on the c-lattice parameter.  
As can be seen from Figure 41a, The best performances were achieved for 10 µm 
thick d-Ti3C2 electrodes that demonstrated gravimetric capacitance of 310 F.g
-1 at 2 mV.s-
1 (with density of 3.5 g/cm3 this translates to the volumetric capacitance of 1080 F/cm3). 
Note, that gravimetric and therefore volumetric capacitance of the d-Ti3C2 is almost 3 times 
higher in 1M H2SO4 (cyan-colored line with diamond symbols plot in Figure 41a,b) than 
1M KOH electrolyte (Figure 22a). The reason is protons being the smallest cations can 
access larger number of the electrochemically active sites vs. quite bulky potassium-ion.  
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Figure 41. Electrochemical performance of Ti3C2-based electrodes in 1 M H2SO4 and 1M 
H3PO4 (a) CV profiles collected at 10 mV·s
− 1
 in 1M H2SO4 (b) Summary of rate 
performances in 1M H2SO4 and 1M H3PO4 
Among the electrodes with multilayer morphology and also large thicknesses of 
75-100 µm  KOH-treated sample demonstrated the most promising performance 
supporting the hypothesis that inactive Ti-F bond replacement by the oxygen containing 
functionalities should lead to improved performance, such as it is for DMSO-treated 
material. It is important to note that despite of higher capacitance of the d-Ti3C2 at low scan 
rate, material’s performance did not keep up with the rate as well as electrodes made of 
multilayer powders even despite of the fact that thickness of d-Ti3C2 electrodes is almost 
10 times thinner (Figure 41b). There can be multiple reasons responsible for that: a) higher 
density of the ‘paper’ electrodes (compare 3.5-3.8 g/cm3 vs. 1-1.2 g/cm3 for the electrodes 
composed of multilayer particles) creates complex ion pathways that slows down the 
transport, b) there can be diffusion limited contributions to the d-Ti3C2Tx capacitance, that 
can result in higher capacitance at low rates at high rates their contribution becomes 
negligible.  
Figure 42 shows capacitance retention data collected by the galvanostatic cycling. 
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Stable capacitances of 170 F/g and 260 F/g were obtained at 5 A.g-1 for d-Ti3C2 and KOH-
Ti3C2, accordingly: almost no degradation is observed after 10 000 cycles.  
 
Figure 42. (a) Charge and discharge capacitance vs. cycle number of KOH-Ti3C2 and d-
Ti3C2 electrodes from galvanostatic cycling at 5 A.g-1. (b) Galvanostatic charge-discharge 
profile of d-Ti3C2. 
The numerical data of the all treated material’s capacitive rate performances is 
summarized in Table 5. A few other important observations related to the electrochemical 
performances of the treated materials should be highlighted.  For instance, capacitance of 
the KOAc treated Ti3C2 is more than 2 times lower than capacitance of the Ti3C2-KOH and 
is only 10 % more than for untreated material. 
Table 5. Summary of the rate performance of the of HF Ti3C2Tx after various modifying 
treatments in 1M H2SO4 and 1M H3PO4 
Scan 
rate 
(mV/s) 
Capacitance (F/g) 
1M H2SO4 1M H3PO4 
Ti3C2 
(HF) 
d-Ti3C2 
(DMSO) 
Ti3C2 
(KOH) 
Ti3C2 
(KOAc) 
Ti3C2 
(CsOH) 
Ti3C2 
(TMAOH) 
Ti3C2 
(KOH) 
Ti3C2 
(KOAc) 
2 87 312 239 97 122 86 121 96 
5 90 289 226 97 111 90 105 86 
10 87 266 208 95 104 88 93 80 
20 80 240 190 91 94 85 76 72 
50 72 192 166 83 72 81 47 57 
100 62 164 143 75 46 76 29 43 
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This corresponds well with the fact that KOAc treatment, unlike KOH treatment doesn’t 
result in reduction of the fluoride functional groups (see Table 4), hence there is very 
moderate effect on capacitance: slight increase can be due to basic pH of 10 of KOAc 
solution which could lead to small reduction in the fluorine terminations.  
 Interestingly, CsOH treated material did not perform as well as Ti3C2 (KOH): not 
only capacitance was 2 times lower (Table 4) but also it showed resistive behavior or quite 
poor rate performance (Figure 41). The explanation for that can be large size of Cs+ ion 
that upon intercalation screens large number of electrochemically active sites, rendering 
them inaccessible to protons, similar explanation can be made for TMAOH-treated Ti3C2 
(see Figure 41b).   
 Another observation which is worth noting is that the electrochemical performances 
were not identical in 1M H2SO4 and 1M H3PO4 (Figure 41b, Table 4). Tthis was 
particularly pronounced for the KOH-treated Ti3C2Tx. The latter showed a capacitance 
which was more than 2 times lower in 1M H3PO4 vs. 1M H2SO4. The reason for this can 
be the lower effective concentration of protons in 1M H3PO4: compare pH (1M H2SO4) = 
0 vs. pH (H3PO4) = 1.5. 
 
4.3.3 Hydrazine and urea treatments. 
Structure and chemistry of hydrazine treated Ti3C2Tx  
Figure 43 presents a schematic illustration of the Ti3C2Tx layered structure 
intercalated with hydrazine molecules. Intercalation is evidenced by a shift of the main 
(0002) XRD peak toward lower 2Θ angles after Ti3C2Tx treatment in hydrazine 
monohydride, HM, aqueous solution (Figure 43b). It corresponds to the increase of c 
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lattice parameter (c-LP) from 20.2 Å to 25.4 Å suggesting formation of a nearly complete 
monolayer of N2H4 molecules between each Ti3C2Tx interlayer space.[20] The (0002) peak 
also appears to be of significantly higher intensity implying the formation of a better 
organized structure upon intercalation. SEM images collected for the material before and 
after HM treatment (Figure 43c and d, respectively) show formation of ~ 100-nm-thick 
lamellas of Ti3C2Tx layers glued together by the intercalant.  
 
Figure 43. (a) Structural model of Ti3C2OH+0.5N2H4. (b) X-Ray diffraction patterns 
around the Ti3C2Tx (0002) peak before and after hydrazine treatment; the numbers show 
corresponding c-lattice parameter values. (c,d) SEM images of the Ti3C2Tx particles before 
and after hydrazine intercalation, respectively (same scale). 
 
To gain insight into the chemistry changes at the Ti3C2Tx surface upon HM treatment 
INS analysis, which is highly sensitive to hydrogen atoms (due to their higher neutron 
scattering cross-section compared to other elements), was performed.1* Comparison of the 
spectra of the initial and hydrazine treated Ti3C2Tx (Figure 44) reveals the clear presence 
of hydrazine molecules as evidenced by: i) N-N stretching mode at 140 meV, ii)  NH2 
bending modes, i.e. rocking, twisting, waging and scissoring at 120, 158, 179, and 203 
                                                 
1* Inelastic neutron scattering (INS) was performed at Oak Ridge National Laboratory by Alexander I. 
Kolesnikov 
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meV, respectively;  and  iii) NH2 stretching modes[87,88]: a sharp peak at 370 meV and a 
wide band stretched up to 470 meV [89],[88].   Note that this region might be also affected 
by H2O/OH stretches found in the sample before intercalation. A low-energy range up to 
100 meV may be assigned to T and L (up to 40 meV) and torsional modes (40-110 meV) 
of hydrazine. The modes appear to be very broad and no peaks can be visualized suggesting 
a low packing density of N2H4 molecules within the Ti3C2Tx structure.  Thus, comparison 
of INS spectra of Ti3C2Tx before and after HM treatment confirms the intercalation of 
hydrazine molecules, yet the low packing density hints that hydrazine molecules act as 
pillars for the Ti3C2Tx layers. It is reasonable to assume that if that is the case then such 
hydrazine pillars do not block access to electrochemically active sites. 
 
Figure 44. Inelastic neutron scattering spectra for Ti3C2Tx before (black curve) and after 
(red curve) hydrazine treatment measured with different Ei, 250 and 600 meV, at 7 K. 
 
In order to acquire complementary information about changes in the Ti3C2Tx 
surface chemistry and thermal stability after hydrazine treatment, temperature programmed 
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desorption mass spectroscopy (TPD-MS) was performed.2 The spectrum recorded for 
pristine Ti3C2Tx (Figure 45a) revealed two temperature regions where a substantial weight 
loss occured. The first range between 100-200 °C is related to the water evolution. It is 
followed by a period of thermal desorption of surface functionalities, such as OH, F and 
carbon oxides.  
 
Figure 45. Temperature programmed desorption mass spectroscopy data for Ti3C2Tx (a) 
before and (b) after hydrazine treatment. Species marked with star* were not quantified 
and shown in arbitrary units. 
 
The second weight loss range between 800-1200 °C corresponds to 2 processes: i) 
the irreversible transformations within MXene structure due to disproportionation of 
MXene and formation of cubic TiC, TiO2 and and CO/CO2 gas evolution, and ii) thermal 
decomposition of AlF3·nH2O[90] (AlF3 is a byproduct of the Ti3AlC2 HF etching during 
Ti3C2Tx synthesis). Please note, that contribution of AlF3 was not quantified due to absence 
of a standard and presented in the graph in a.u., not µmol/s.  
                                                 
2 TPD-MS studies were performed at CNRS (CEMHTI UPR3079, Univ. Orléans, F-4071 Orléans, France) 
by Encarnacion Raymundo-Piñero 
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Comparison of Figure 45a and b confirms that pristine Ti3C2Tx contained a larger amount 
of water and hydroxyl groups than the hydrazine treated one.  It is important to note that in 
case of the hydrazine treated Ti3C2Tx we were unable to distinguish contributions from the 
hydrazine desorption and hydroxyl, since both of them yielded species with the same m/z. 
Also, it is reasonable to assume that increased amounts of CO evolved at high temperatures 
for the hydrazine treated Ti3C2Tx can be attributed to the larger amounts of the oxygen-
containing functional groups vs. fluorine containing ones. As a result, the stability of 
MXene improved and its restructuring took place at higher temperatures (Figure 45b).  
Table 6. The quantified amounts of OH, CO and CO2 (CH3OH was not analyzed) by total 
mass of each sample. 
Material mOH, wt% mCO, wt% mCO2, wt% 
Ti3C2Tx 6.8 2.0 0.1 
Ti3C2Tx/N2H4 3.1* 5.9 0.2 
* We were unable to separate the contribution of NH2 from OH, so the amount of OH was overestimated in 
the hydrazine treated sample 
 
Electrochemical performance of the hydrazine-treated Ti3C2Tx 
Electrochemical performance of the hydrazine-treated Ti3C2Tx was investigated in acidic 
and neutral aqueous electrolytes (H2SO4, Li2SO4 and K2SO4) and standard Li-ion organic 
electrolyte (1 M LiClO4 in EC:DMC=1:1).  
Typical cyclic voltammetry profiles and rate performance in these electrolytes are 
depicted in Figure 46 a and b respectively. The highest specific capacitance and excellent 
capacitance retention at rates up to 100 mV/s was observed for the hydrazine treated 
Ti3C2Tx in 1M H2SO4, showing a dramatic improvement over untreated Ti3C2Tx (Figure 
46b and c), which can be explained by: i) a change in materials surface chemistry as a result 
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of hydrazine treatment, i.e. according to TPD-MS decreased number of electrochemically 
inactive Ti-F surface groups is observed, since those are unstable in high pH solutions 
(similar to what was observed for KOH-treated Ti3C2Tx[35]), and, ii) since intercalant 
molecules provide pillaring between MXene layers[20] it makes redox active sites rapidly 
accessible to the protons, hence there is little decay in capacitance with increased scan rate.  
 
Figure 46. Electrochemical performance of the hydrazine treated Ti3C2Tx: (a) cyclic 
voltammetry data collected at 10 mV/s in aqueous 1 M H2SO4 (black triangles), 1M Li2SO4 
blue triangles, 0.5M K2SO4 (red circles), and non-aqueous 1 M LiClO4 in EC/DMC (green 
diamonds), (b) summary of the rate performance extracted from the CV data in different 
electrolytes; rate performance of the hydrazine treated Ti3C2Tx compared with the 
performance of the untreated Ti3C2Tx in  (c) H2SO4, (d) Li2SO4, (e) K2SO4 electrolytes,  (f) 
capacitance retention test for hydrazine-treated Ti3C2Tx galvanostatically cycled at 5 A/g 
in 1 M H2SO4. Inset illustrates galvanostatic data for few cycles 
Interestingly, increase of the cation size lead to diminished effect of the treatment on 
the capacitance in the electrolyte (Figure 46 c,d,e): from 5 times improvement in H2SO4, 
almost 2 times improvement in Li2SO4, and less than 10% improvement was observed in 
K2SO4. This can be explained from geometry point of view: when electrolytes with large 
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cations such as K+ (~152 pm) are used instead of smallest H+ ions (~0.00087 pm) less 
number of active sites can participate in energy storage process.  Cycling capability was 
probed for Ti3C2Tx/N2H4 in 1M H2SO4: according to galvanostatic cycling data collected 
at 5 A/g hydrazine treated Ti3C2Tx (Figure 46f) demonstrates high gravimetric and 
volumetric capacitances of 215 F/g and 250 F/cm3, respectively, triangular profiles (inset 
Figure 4c) with almost no IR drop and no capacitance degradation after 10000 cycles.  
Yet, use of neutral Li2SO4 and K2SO4 electrolyte allowed to increase the voltage 
window up to 1.1 V; (Figure 46a-b). Further increase in voltage window (2 V) was 
achieved in non-aqueous solution of 1 M LiClO4 in ethylene carbonate/dimethyl carbonate 
(EC/DMC used a 1:1 volume ratio) (Figure 46a and b). 
Electrochemical performance of the urea-treated Ti3C2Tx 
Urea, like hydrazine, possesses anime (-NH2) 
group, but unlike hydrazine is much easier to handle 
from the safety point of view.  As it can be seen from 
Figure 47, similar to hydrazine, treatment of Ti3C2Tx 
with urea, (NH2)2C=O, resulted in increased c-LP 
signifying successful intercalation of the urea 
molecules between MXene layers.  
Summary of the electrochemical characterization 
of the urea-treated Ti3C2Tx in 1M sulfuric acid can be 
seen in Figure 48. The CV profiles resemble that of 
the hydrazine treated sample (compare with Figure 
46a) giving also similar values of the capacitance at 
Figure 47. X-Ray diffraction 
patterns of as received Ti3C2Tx 
(black line), hydrazine (red line) 
and urea (orange line) treated; the 
numbers show corresponding c-
lattice parameter values. 
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scan rates of 2 mV/s, hinting that the same effect of surface modification has occured. It is 
important to note however, that rate capability of the urea-treated material is less 
impressive compared to hydrazine-treated Ti3C2Tx (Figure 48b) and this can be explained 
by the higher resistance of the electrode (Figure 48c). 
 
Figure 48. Capacitive performance of the urea-intercalated Ti3C2Tx in 1M H2SO4. a) 
Cyclic voltammetry data collected at scan rates in the range from 2 mV/s to 100 mV/s. b) 
Rate dependence of the capacitance. c) Electrochemical impedance spectroscopy data for 
hydrazine- and urea-intercalated Ti3C2Tx. The inset shows magnified high-frequency 
region. 
4.3.4 MXene produced using LiF+HCl method 
As was shown above, chemical post-synthesis treatments of MXenes can alter their 
surface chemistries and in some cases provide “pillaring” of the layers (owing to molecule 
or ion intercalation) that can enable a boost in the capacitive performance. Therefore, when 
HF is used to produce MXenes additional steps are needed to maximize the electrochemical 
performance, not to mention safety concerns while dealing with HF which is quite 
dangerous.  
Recently, alternative methods were suggested: I developed a method to use 
ammonim hydrogen bifloride, NH4HF2[91], which was successfully applied for etching of 
MAX phase thin films to produce MXenes: this method is much more milder and safer and 
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results in etching and the concurrent intercalation of ammonia ions. The next development 
in this direction was made by M. Ghidiu, who suggested the use of acidic solutions of 
fluorides salts, i.e LiF-HCl mixture[48].  In particular, the use of the LiF-HCl mixtures 
enabled us to remove the Al from the MAX phase structure in a single step with the 
concurrent intercaltion of cations between MXene layers. 
 
Figure 49. Schematic of MXene clay synthesis and electrode preparation. a, MAX phase 
is etched in a solution of acid and fluoride salt (1), then washed with water to remove 
reaction products and raise the pH toward neutral (2). The resulting sediment behaves like 
a clay; it can be rolled to produce flexible, freestanding films (3), molded and dried to yield 
conducting objects of desired shape (4), or diluted and painted onto a substrate to yield a 
conductive coating (5). b, when dried samples (left, showing cross section and top view) 
are hydrated (right) they swell; upon drying, they shrink. c, Actual image of a rolled film. 
d, ‘Clay’ shaped to the letter M (~1 cm) and dried, yielding a conductive solid (inset: 
experimental conductivity of ‘clay’ rolled to 5 µm thickness). The etched material is 
referred to as Ti3C2Tx, where the T stands for surface terminations, such as OH, O and F. 
Another noteworthy outcome of this etching method was that unlike in other cases the 
resulting material behaved like a clay, that could be rolled, when wet (Figure 49a), between 
water-permeable membranes in a roller mill to produce flexible, free-standing films 
(Figure 49c) in a matter of minutes compared to those produced by the laborious technique 
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of intercalation, delamination, and filtration as it is the case for HF-etched MXenes. 
Additionally, when wet, the ‘clay’ could be molded and dried to yield various shapes that 
were highly conductive (Figure 49d). 
Structure and chemistry of the Ti3C2Tx (LiF+HCl) 
Energy-dispersive spectroscopy (EDX) confirmed that aluminum, Al, was 
removed, and X-ray diffraction (XRD) showed the disappearance of Ti3AlC2 peaks (traces 
can be seen in the case of incomplete transformation). Multilayer particles did not show 
the accordion-like morphology seen in HF-etched MXenes reported to date[92,93]; rather, 
particles appeared tightly stacked, presumably as a result of water and/or cationic 
intercalation (see Figure 50).  
 
Figure 50. SEM images. a, multilayer MXene particle. b, cross-section of rolled Ti3C2 film, 
showing shearing that is most probably responsible for the loss of the 60° angle peak in 
the XRD pattern.  
 
XRD patterns of the etched material, in its air-dried multilayered state, showed a 
remarkable increase in the intensity and sharpness of the (000l) peaks (Figure 51a, pink) 
as opposed to the broad peaks typical of HF-etched MXene[37], and more typical of 
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intercalated MXenes[10]. Further, compared to a c lattice parameter of ~ 20 Å for HF-
produced Ti3C2Tx, the corresponding value herein was 27-28 Å.  
 
 
Figure 51. a, XRD patterns of samples produced by etching in LiF-HCl solution. Pink: 
multilayer Ti3C2Tx showing a sharp, intense (0002) and higher order (000l) peaks, 
corresponding to a c lattice parameter of 28 Å and high order in the c direction. Blue: 
same sample after rolling into a ≈ 40 µm thick film; In both cases, traces of Ti3AlC2 are 
still present (red diamonds). b SEM image of a fracture surface of a ~ 4 µm thick film 
produced by rolling, showing shearing of layers; flexibility of the film is demonstrated in 
inset; c, fracture surface of a thicker rolled film (~ 30 µm), showing poorer overall 
alignment of flakes in the interior of the film. 
 
XRD patterns of still-hydrated sediment showed shifts to even higher spacings – c 
lattice parameters as high as ~ 40 Å have been measured. Based on these substantial 
increases in c lattice parameters and the clay-like properties (see below), it is reasonable to 
assume that – like in clays[94,95] – the swelling is due to the intercalation of multiple 
layers of water and possibly cations between the MXene sheets. When the ‘clay’ was rolled 
into freestanding films, XRD patterns showed again strong ordering in the c direction 
(Figure 51a, blue). Films, ranging in thicknesses from sub-micron to ≈ 100 μm, were 
readily produced by this method. The most compelling evidence for particle shearing is the 
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significant intensity decrease of the (110) peak around 61°, indicating a reduction of 
ordering in the non-basal directions while order in the c-direction was maintained (see blue 
XRD pattern in Figure 51a and SEM in Figure 50b). Morphologically, the thinner films 
showed more overall shearing of the multilayer particles when viewed in cross section 
(Figure 51b, c) and exhibited substantial flexibility, even when allowed to dry thoroughly 
(inset). Hydration and rolling attempts of HF-produced MXene were unsuccessful; it is 
thought at this time that the intercalated water acts as a lubricant that allows facile shearing. 
Surface chemistry of the LiF-HCl sample was investigated and compared with HF Ti3C2Tx 
using nuclear magnetic resonance spectroscopy (NMR) studies3*. I will not delve into 
details of the analysis itself here, however the resulting surface functionalities extracted 
from analysis of the NMR spectra of LiF-HCl and HF etched materials (after vacuum 
drying at 200 oC) are visualized in the Figure 52 below. 
 
 
The formula of Ti3C2Tx, can be expressed as (depending on the synthesis method): 
LiF-HCl synthesis: Ti3C2(OH)0.08(2)H0.05(1)F0.21(5)O0.83(4) 
HF synthesis: Ti3C2(OH)0.12(2)H0.13(2)F0.79(9)O0.48(7) 
Therefore, LiF-HCl synthesis in a single step yields material with oxygen-containing 
surface terminations primary, which as was shown above results in enhanced capacitive 
performance. 
                                                 
3* NMR studies will be published as separate research paper; NMR was performed in Prof. C. Grey 
laboratory in Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 
1EW, UK. 
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Figure 52. Composition of the Ti3C2Tx surface functional groups (top) produced by etching 
of the Ti3AlC2 in a) HF and b) LiF-HCl solutions, and according schematic illustration of 
the Ti3C2Tx structure (bottom,  Ti atoms are shown in yellow, C atoms are in black, surface 
functional groups are represented as miniature multi-colour pie charts). 
Capacitive performance of the MXene ‘clay’ 
Performance in KOH and Li2SO4 solutions 
First I checked the performance of LiF-HCl MXene in KOH, 2 types of electrodes were 
manufactured, such as thin rolled electrode (~5 µm thick) and the other one (~75 µm thick) 
prepared in the conventional way by mechanical processing of MXene slurry (with 5% 
PTFE binder and 5% carbon black as conductive additive). Cyclic voltammetry profiles 
collected for the thin (~5 µm) and thick (~75 µm) samples at different scan rate are depicted 
in Figure 53 a and b, respectively: clearly rate capability decreases with increased 
thickness of the electrode (Figure 53 a-c). 
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Figure 53. a) Cyclic voltammetry data collected for the ~5 µm sample Ti3C2Tx (LiF-HCl) 
in 1M KOH at different scan rates, b) Cyclic voltammetry data collected for the ~75 µm 
sample Ti3C2Tx (LiF-HCl) in 1M KOH at different scan rates, c) Comparison of the rate 
performance for the Ti3C2Tx (HF), Ti3C2Tx (LiF-HCl), Ti3C2Tx paper (DMSO), and thick 
electrode from multilayer powder of Ti3C2Tx (LiF-HCl) 
As was shown above the surface chemistry is composed of predominantly oxygen-
containing terminations (see Figure 52b) for powders produced by etching in LiF-HCl 
compared to Ti3C2Tx (HF) sample, where >50% terminations are fluorine containing (see 
Figure 52a). Expectedly, same as in case of DMSO- and hydrazine-treated Ti3C2Tx (HF) 
such change in surface chemistry resulted in the enhanced capacitance (Figure 53 a-c).  
 
Rolled Ti3C2Tx (LiF-HCl) sample was also tested in 1M Li2SO4 electrolyte (Figure 
54). Interestingly, the shape of the cyclic voltammogram features broad peaks around 0  
and -0.6 V(vs. Ag/AgCl). Similar profiles were observed for Ti3C2Tx/hydrazine (Figure 
46a) and d-Ti3C2Tx paper in Li2SO4 electrolyte. Sample demonstrated similar capacitances 
as Ti3C2Tx/hydrazine with better rate capability (due to different thicknesses of electrodes: 
~5 µm thick LiF-HCl sample vs. 75 µm thick hydrazine treated Ti3C2Tx (HF)) as can be 
seen in Figure 54. 
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Figure 54. Electrochemical performance of the Ti3C2Tx (LiF-HCl) in 1M Li2SO4. a) Cyclic 
voltammetry data at different scan rates collected for rolled Ti3C2Tx (LiF-HCl) sample ~5 
µm thick, b) Comparison of the rate performance for the 75 µm Ti3C2Tx (HF), 5 µm Ti3C2Tx 
(LiF-HCl), 75 µm Ti3C2Tx (HF-hydrazine) electrodes. 
 
Performance in 1M H2SO4 solutions 
As was demonstrated for other surface modified MXenes that highest extent of 
improvement was observed in the 1M H2SO4 electrolyte. Herein we characterized the 
electrochemical performances of rolled, freestanding Ti3C2Tx (LiF-HCl) films in 1 M 
sulfuric acid, H2SO4. At a scan rate of 2 mV/s, capacitance values reached 900 F/cm
3 and 
a good rate handling ability was observed (Figure 55a). The results - summarized and 
compared with Ti3C2Tx (HF) and d-Ti3C2Tx in Figure 55b - clearly show that rolled 
Ti3C2Tx clay electrodes show outstanding capacitive performance, not only volumetrically 
but gravimetrically as well, achieving 245 F/g at 2 mV/s. Here again the smaller size of H+ 
compared to other intercalating cations, surface redox processes, and improved 
accessibility of interlayer spacing in the LiF-HCl etched MXene due to pre-intercalated 
ions and water resulted in enhanced electrochemical performance compared to the 
previously studied HF-etched samples. 
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Figure 55. Electrochemical performance of rolled, free-standing electrodes. a, Cyclic 
voltammetry profiles at different scan rates for a 5 µm thick electrode in 1 M H2SO4. b, 
comparison of rate performances reported in this work and previously for HF-produced 
MXene. c, Capacitance retention test of a 5 µm thick rolled electrode in 1 M H2SO4. Inset 
shows galvanostatic cycling data collected at 10 A/g.  
It is worth noting that a similar positive role of structural water for capacitive 
performance in acidic electrolytes was observed for hydrated ruthenium oxide.[96] The 
electrodes showed no measurable capacitance losses even after 10,000 cycles (Figure 55c). 
Coulombic efficiency is close to 100 % (inset in Figure 55c), confirming that the 
outstanding performance is not due to parasitic reactions.  
To quantify the capacitive and diffusion limited contributions to the total 
capacitances, Dunn et al.'s approach was used.[97] The results of this analysis - 
summarized in Figure 56a– show that, at scan rates below 20 mV/s, there is a noticeable, 
yet not prevailing, contribution of diffusion-limited processes to the total capacitance; at 
scan rates of 20 mV/s and higher, the response is not diffusion-controlled but is rather due 
to surface capacitive effects, whether electrostatic or pseudocapacitive. This observation is 
in agreement our previous observations about the presence of shallow- and deep- trap sites 
in MXene structures. Further, if there are also redox contributions from changes in the 
oxidation states of surface Ti atoms layers, the redox processes are not diffusion-limited, 
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and thus represent “intrinsic” capacitive behavior.[23]  
 
 
Figure 56. a, CV profiles collected at 2 mV/s and 20 mV/s with highlighted portions of the 
contributions of the processes not limited by diffusion; vertical lines limit the CV area used 
in calculations. b, Rate performance and, c, EIS data, of 5 µm (red stars), 30 µm (black 
circles) and 75 µm (olive triangles) thick rolled electrodes. 
When the electrochemical responses of three rolled clay electrodes - 5 µm, 30 µm and 75 
µm thick - were compared (Figure 56 b), not surprisingly, the volumetric capacitances 
decreased with increased thickness. These thickness-dependent differences can be partially 
traced to the electrode morphologies.  As noted above, electrodes thinner than 10 µm 
showed good flake alignment (Figure 51 b) with typical densities of 3.6-3.8 g/cm3.  At 2.2-
2.8 g/cm3, the densities of the thicker (15 µm and larger) rolled electrodes were lower, 
which is a reflection of the fact that their core seemed to be more open (Figure 51 c). And 
while the lower densities led to lower volumetric capacitances, their more open structure 
ensured accessibility to ions and thus similar rate performances as their thinner 
counterparts (Figure 54 b,c). The lower densities also ensured that the drop in gravimetric 
capacitances with thickness (see Figure 57) was not that significant.  A summary of key 
mass- and volume-normalized capacitance values as a function of electrode thickness is 
provided in Table 7. 
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Figure 57. Gravimetrically normalized capacitance. CV profiles at different scan rates for, 
a, 5 µm, b, 30 µm and, c, 75 µm thick electrodes in 1 M H2SO4. d, Gravimetric rate 
performances of rolled electrodes, 5 µm (black squares), 30 µm (red circles) and 75 µm 
(blue triangles) thick 
 
Table 7. Effect of film thickness and scan rate on mass- and volume-normalized 
capacitance values 
 
 Although the voltage window used for testing is a relatively narrow, it can be 
expanded by conducting tests in other types of electrolytes, such as neutral aqueous and 
Scan rate, 
mV/s 
5 µm electrode 30 µm electrode 75 µm electrode 
F/ cm 3 F/g F/ cm 3 F/g F/ cm 3 F/g 
2 910 246 534 182 355 161 
5 881 238 504 171 330 150 
10 855 231 472 160 300 136 
20 821 222 434 148 269 122 
50 781 210 383 130 225 102 
100 740 200 339 115 183 83 
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organic electrolytes, or using MXenes as negative electrodes in asymmetric cell 
configurations.  
The good capacitive rate performance of the 75 µm thick electrodes (Figure 56b and 
Figure 57c and d) is noteworthy, however, and demonstrates scalability and huge promise 
of MXenes for application as negative electrodes of hybrid large-scale energy storage 
devices. Electrodes of that thickness cannot be produced by filtration and the MXene clay-
like characteristics add important versatility to electrode manufacturing, allowing films of 
the required thicknesses to be rolled. Note that the capacitance values reported herein are 
still preliminary. As better understanding of how the films' morphologies affect their 
capacitances is gained, significant enhancements in the latter should ensue. 
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4.4 Mechanism of capacitance 
These results notwithstanding, the understanding of what fundamental processes are 
responsible for the MXenes promising performance has been lacking. To assess the 
mechanism of charge storage in MXene we studied Ti3C2Tx (LiF-HCl) sample in 1M 
H2SO4: this combination of material/electrolyte has shown the most promise so far.  
4.4.1 Surface area and capacitance 
While double layer ion adsorption can be ruled out as the main mechanism, due to the 
relatively low specific surface area of MXenes[20]: 23 m2/g, the surface area of multilayer 
exfoliated Ti3C2Tx [10] and 100 m
2/g for MXene paper[10]. I wanted to perform some 
simple estimations of its possible contribution.  
In the simplest approximation double layer capacitance can be described by the 
following equation [2,98]: 𝐶 =
𝜀𝑟𝜀0𝐴
𝑑
= 𝑐𝑑𝑙𝐴,  with ε representing the permittivity of 
vacuum (~8.854·10-12 F/m), εr is the relative permittivity of the electrolyte, A is the area of 
electrode (m2/g), and d is the charge separation distance (m), and cdl area-normalized 
capacitance of the electrical double layer. Values of the cdl in aqueous electrolyte normally 
range ~5-20 µF/cm2 for different carbon materials.[99] Thus, large specific surface area 
materials are needed to obtain large capacitances in carbon materials for EDLCs.  
So, theoretical specific surface area, SSA, of Ti3C2Tx was estimated assuming it has 
formula Ti3C2(OH)2: 
_______________________________________________________________________ 
Area of one lattice = Lattice parameters a · b · sin (60°)= 3.0581 Å · 3.0588 Å · (3)
0.5/2 · 
10-20= 8.1·10-20 m2; 
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Each layer in the cell has 3Ti, 2C, 2O, and 2H. Then the weight of the layer in the cell 
[201.64 g/mole]/[6.023·1023 atoms/mole] = 3.3478·10-22 g; 
The SSA = 8.1·10-20/3.3478·10-22= 241.97 m2/g (one side). Then the SSA of 
a Single layer (2 sides) of Ti3C2(OH)2 will be 483.94 m
2/g. [Compare: theoretical SSA of 
graphene (2 sides) is  2630 m2/g.] 
Hint: These calculations ignore the presence of edges and defects. 
________________________________________________________________________ 
Yet obviously no real device can be constructed from the single 2D layer which is 
completely unsupported, so in the ideal case SSA would 241.97 m2/g which would 
correspond to the capacitance in the range of 10 to 50 F/g, in the realistic case for multilayer 
material (SSA of 23 m2/g) double layer capacitance in the range 1-5 F/g. For delaminated 
MXene paper (SSA of 100 m2/g): 5-20 F/g. 
It is important to note however, that the surface area which is accessible to the gas 
molecules can be different from the surface area accessible to ions, in particular when there 
is spontaneous or electrochemically assisted intercalation of ions. 
 
4.4.2 Pseudocapacitive charge storage 
Remaining possible storage mechanisms can be hydrogen storage or redox coupled 
capacitance of MXene. A set of electrochemical experiments coupled with in-situ X-ray 
absorption spectroscopy (XAS) was performed that shed light on the mechanism of 
capacitance in Ti3C2Tx MXene.  Typical electrochemical performance of the MXenes can 
be characterized by the nearly rectangular cyclic voltammetry loops as shown in Figure 
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58b for Ti3C2Tx MXene (electrodes have been prepared following procedure described in 
Section 3.3.1) in 1 M H2SO4.  
To ensure that the observed electrochemical behavior is not due to parasitic 
reactions and also to evaluate possible contributions from hydrogen evolution, a series of 
constant potential experiments - during which the current change with time was monitored 
(Figure 58b) – were performed. It is well established that di-hydrogen (H2) evolution is a 
faradic process and its intensity (i.e., current) is dependent on the over-potential value. By 
collecting chronoamperometry (CA) data, at various fixed potentials, a better 
understanding of the underlying processes can be obtained - as compared to the cyclic 
voltammetry (CV), which is unlike CA is dynamic: the sample is subjected to a certain 
potential for no more than several seconds per cycle. 
 
Figure 58. Electrochemical performance of Ti3C2Tx MXene. a) Cyclic voltammetry of 
Ti3C2Tx in 1 M H2SO4 at 1 and 20 mV/s, b) Chronoamperometry data collected at different 
potentials. 
 
Based on the observed current density values (Figure 58b), I categorized the 
potentials at which the CA was performed into three regimes:  
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i) a “safe” region where the current density does not exceed ~0.1 A/g (marked in 
green in Figure 58b), and no H2 evolution is observed,  
ii) a H2-“storage” region, where the current density is in the 0.1-0.3 A/g range, 
(marked in yellow in Figure 58b), and where no noticeable bubble formation is observed. 
In this region, the CA profiles are smooth and it can be used when the electrode is cycled 
at scan rates of >~20 mV/s, and,  
iii) a H2-evolution region (marked pink in Figure 58b), where the current density 
> 0.3 A/g and active H2 evolution is observed. The onset of hydrogen evolution (beginning 
of Regime 3) limits the cathodic potential for the use of MXene electrode.  
It is worth noting, that this approach of selecting a voltage window and the 
estimating contributions of various parasitic reactions is applicable to other supercapacitor 
materials/devices as well. In this case, it allowed us to evaluate the extent of H2 evolution 
by simply measuring the current transients, where H2 bubble formation is mirrored by an 
uneven current profile. It follows, that the lowest negative, and “safe”, voltage limit for 
Ti3C2Tx in 1 M H2SO4 is -0.35 V vs. Ag/AgCl.  
As noted above, one of the potential mechanisms for high capacitance is 
electrochemical hydrogen storage, as has been shown for some carbon materials.[100] 
However, it is unlikely to have a significant contribution in our case due to, i) the acidity 
of the electrolyte used (it was reported that hydrogen storage has significant contributions 
to energy storage only in basic electrolytes) and, ii) low specific surface area of 
MXenes.[100] 
We now turn our attention to pseudocapacitance, i.e. redox processes in the Ti3C2Tx 
during cycling. If that is the case, the Ti atoms would be changing their oxidation state 
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during electrochemical cycling.  
 In order to investigate it, electrochemical in-situ X-ray absorption near edge structure 
spectroscopy (XANES) for the Ti K-edge was performed. XANES is a powerful technique 
to probe the oxidation states of elements  that has been successfully used in the past to shed 
light on the charge storage mechanism of MnO2[101,102] and RuO2[103] by tracking 
changes in metal edge position during electrochemical cycling.  Herein, we monitored the 
shifts in the Ti edge energy at different points of the charge and discharge cycles. In situ 
Ti K-edge XAS spectra were collected - for a sequence of applied potentials - starting from 
0.275 and ending at -0.35 V, and then from -0.2 to 0.345 V on reverse scan, as shown on 
the CV curve in Figure 59a.  
 
Figure 59. Electrochemical in situ XAS data. a) Cyclic voltammogram collected in in situ 
XAS electrochemical cell at 1 mV/s in 1M H2SO4 electrolyte. Ti K-edge XANES spectra 
were collected, b) between 0.3 and -0.35 V and, c) between -0.2 to 0.35 V (vs. Ag/AgCl), 
d) Variation of Ti edge energy (at half height of normalized XANES spectra) vs. potential 
during full potential sweep between -0.35 to 0.35 V 
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The Ti K-edge XANES spectra presented in Figure 59b and c feature a relatively 
weak pre-edge peak ‘A’ at 4971 eV, and a strong main absorption peak ‘B’ at around 4985 
eV. The weak pre-edge absorption involves the hybridization of the metal 3d and carbon 
2p orbitals.[104] That peak ‘A’ can be assigned to the transition of a 1s electron to the 
hybridized t2g (Ti 3d+C 2p) and eg (Ti 3d+C 2p) orbitals.  The main absorption peak ‘B’, 
however, is due to the dipole allowed transition of 1s electrons to unoccupied Ti 4p states.  
Although the spectra did not show significant difference in the shape, the edge 
shifts are clearly recognized in both charge and discharge potential sweeps (insets in 
Figure 59b and c). A plot of the Ti K-edge energies, at half height of normalized XANES 
spectra, versus applied potential (Figure 59d) clearly shows the changes at each potential. 
Sweeping from 0.275 to -0.35 V, shifts the Ti edge to lower energies. Such a shift is 
consistent with a decrease in the average oxidation state of the Ti atoms. During the reverse 
scan to 0.345 V, the XANES spectrum shifts back to the higher energy (and higher Ti 
oxidation state).  
This moderate edge shift in the XANES energy - corresponding to a 
reduction/oxidation of the Ti - is consistent with previous study of Ti3C2Tx in Li-ion 
batteries.[105] In that case, an edge shift of ≈ 0.6 eV was observed over a potential window 
of ≈ 3.0 V (vs. Li+/Li) during lithiation (i.e., reduction of Ti).[105]  
  There is clear change in Ti oxidation state during cycling. To quantify the change, 
we plotted the Ti K-edge XANES spectra of Ti3C2Tx at applied potentials (i.e., -0.4 V and 
0.1 V) together with the reference Ti oxides (i.e., TiO and anatase TiO2), in Figure 60a. 
Based on the linear dependence between edge energy and Ti average oxidation 
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state[106,107], the latter can be estimated in the MXene sample during cycling (Figure 
60b). From the inset shown in Figure 60b, we see that the average oxidation state of Ti 
changes from 2.33 to 2.43 (i.e. by ≈ 0.1 ē per Ti atom) over a 0.7 V window.  
 
 
Figure 60. a) Ti K-edge XANES spectra of Ti3C2Tx at -0.4 V (blue line) and 0.1 V (green 
line), together with those of TiO (red line) and TiO2 (black line). b) Average Ti oxidation 
state determination in Ti3C2Tx at various applied potentials (see inset), using the Ti K-edge 
energy shift of the reference TiO and TiO2 compounds 
 
To explore the viability of this value we estimated capacitance using the following 
formula: 𝐶𝑔 = 𝐹 ∙ δ (𝑀𝑊 ∙ 𝑉)⁄ , where Cg [F/g] stands for gravimetric capacitance, F [96485 
C/mol] is a Faraday constant, δ is number of electrons participating in electrochemical 
reaction (equal to 0.1·3= 0.3 in our case since there are 3 Ti atoms in Ti3C2Tx), MW [g/mol] 
is molar weight, V [V] is voltage window (0.7 V in this case) and assumed electrochemical 
reaction is:  Ti3C2Ox(OH)yF2-x-y + δē + δH+   Ti3C2Ox-δ(OH)y+δF2-x-y     
Since the molar weights for O (16), OH (17) and F (19) are close, the overall 
formula weight can be assumed to be 202 g/mol. Thus we get specific capacitance values 
of 205 F/g. These values are in a good agreement with the experimental specific 
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capacitances measured herein for Ti3C2Tx, which are ~230 F/g (when measured in 
Swagelok cell). Please note that in in situ XAS cell we measured specific capacitance of 
~150 F/g (for in situ experiments, a hole was drilled in the center of the cell and it was 
impossible to create a good contact between the electrode and the current collector).  
To sum up, we demonstrated a procedure for determining the safe voltage window 
selection, which can be applied to other electrochemical systems and that provides an 
important insight into electrolyte decomposition processes.  Electrochemical in situ XAS 
measurements detected changes in Ti oxidation state during cycling. Even though this 
method is semi-empirical and provides rough estimation, the estimated value is comparable 
with the value that we back-calculated from the sample's gravimetric capacitance assuming 
redox-only capacitance. Therefore, it can be concluded that electrochemical behavior of 
the Ti3C2Tx MXene in sulfuric acid is predominantly pseudocapacitive. This makes 
Ti3C2Tx MXene one of a very few examples of materials that exhibit “true” 
pseudocapacitive behavior: it presents a continuous change in titanium oxidation state 
during charge/discharge, producing rectangular-shaped CVs.  This behavior can be 
attributed to 2D nature of Ti3C2Tx: spontaneous ion intercalation naturally provides access 
to electrochemically active transition metal oxide surfaces, while the conductive carbide 
layer ensures rapid charge transfer. Those properties are not available in titanium oxide or 
cubic TiC. The results obtained herein are important for another reason: namely, they 
indicate, as a first approximation, that the average Ti oxidation state in Ti3C2Tx is much 
closer to +2 than +4. 
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4.5 Progress towards new materials and devices  
4.5.1 MXene-Carbon asymmetrical electrochemical cell 
Ti3C2Tx demonstrates excellent volumetric capacitance when cathodic (negative) 
potentials are applied, yet when MXene is subjected to positive potential in aqueous 
electrolyte (more than 0.2 V above OCP potential; not the case in organic electrolyte) it 
leads to irreversible oxidation and fast degradation of properties. Therefore asymmetrical 
cell design with material of other composition as positive electrode should be implemented 
to for durable energy storage device on the basis of MXenes. Alternatively, symmetrical 
MXene-based device can be constructed if non-aqueous electrolytes are used. 
Aspects of asymmetrical cell design. 
While constructing asymmetrical cell, where the positive and negative electrodes 
have unequal specific capacitances the following important considerations must be kept in 
mind. The energy density of a device can be described by the well-known equation: 𝐸 =
1
2
𝐶𝑡𝑜𝑡𝑉
2, where Ctot is the capacitance of the device and V is the operating potential window 
of the cell. Other important considerations for charge storage are: i) 1/Ctot=1/C+ + 1/C-, 
where C+ and C- are corresponding capacitances (in Farads) of the positive and negative 
electrodes, ii) Q+=Q- for the cells with ~100 % coulombic efficiency, where Q+=C+V+ and 
Q-=C-V- are charges stored on the positive and negative electrodes, respectively and iii) V+ 
and V- are the respective potential windows that are limited by irreversible processes, such 
as electrolyte decomposition and over-reduction or over-oxidation of the electrode 
materials. If specific capacitances (in Farads per gram) for positive and negative electrodes 
are unequal; i.e., csp-≠csp+, then in order to maintain the stable voltage condition of V-=V+, 
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the weights of the electrodes (m- and m+) should be unequal as well to compensate for the 
different specific capacitance values: 𝑚− =
𝐶𝑠𝑝+𝑚+
𝐶𝑠𝑝−
.  
MXene/PVA/Carbon device 
The choice of the “partner” electrode for Ti3C2Tx was guided by the following criteria: i) 
stability at the positive potentials, ii) comparable volumetric capacitance (Figure 61 a-b), 
iii) ability to form free-standing films. Based on these criteria, a boron-doped carbon 
nanoflakes was selected for positive electrode material: thanks to boron doping they 
possess redox activity and show high capacitances and rate capability (Figure 61 c-d). 
 
Figure 61.Electrochemical performance of the 5 µm Ti3C2Tx (LIF-HCl) MXene film and 
20 µm carbon material film in 1M H2SO4. a) CV profiles of the Ti3C2Tx (LiF-HCl) collected 
at scan rates between 2 and 100 mV/s, (b) summary of the rate performance of Ti3C2Tx 
(LIF-HCl), c) CV profiles of the boron-doped carbon nanoflakes film, d) summary of the 
rate performance of (c). 
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As a first step, the capacitance of a free standing 20 µm boron-doped carbon nanoflakes 
film was evaluated in a 3 electrode configuration (Figure 61c-d). At capacitances >200 F/g 
carbon material possesses gravimetric capacitances with excellent rate capability that are 
very similar to Ti3C2Tx (LiF-HCl) (Figure 61b vs. d). Yet, the density of the film from the 
carbon nanoflakes was 1.5 g/cm3 which leads to a lower volumetric capacitance (compare 
Ti3C2Tx (LiF-HCl) has density of 3.8 g/cm
3 and therefore 3 times larger volumetric 
capacitance).  
 
 
Figure 62. a) Schematic illustration of MXene/PVA gel/Carbon device, b) cross-sectional 
SEM image and CV profile of the MXene/PVA/Carbon paper, c) digital images illustrating 
flexibility of the MXene/PVA/Carbon device by twisting of a MXene/PVA/Carbon ribbon. 
  
In order to make a free-standing full device, a subsequent filtration of carbon 
nanoflakes, PVA, and delaminated MXene suspensions was performed yielding a large, 
free-standing sandwich-like MXene/polyvinyl alcohol (PVA)/carbon paper device. PVA 
plays a dual role: i) it serves as separator and electrolyte (when premixed gel containing 
PVA and sulfuric acid is used), ii) addition of PVA is expected to improve mechanical 
properties of the whole device to allow it to be easily flexed.[108] Cross-sectional scanning 
electron microscopy images shows that the MXene/PVA/Carbon paper is composed of 
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stacked MXene, PVA, and carbon layers (see Figure 62b, PVA gel region is tinted in blue 
for the improved representation). The resulting paper is flexible and conductive (Figure 
62c). It can be readily folded and twisted into various shapes without observable damages, 
showing mechanical strength (Figure 62c). A conductivity of ~ 2,000 S/m was measured 
using a four-point probe.  
Several trial samples were prepared, their performance is shown in Figure 63. I 
followed approach suggested in Ref. [109] to visualize contributions of positive and 
negative electrode (Figure 63 a and b) in 3 electrode set up. As can be seen from the Figure 
63 (a and b) each of the manufactured devices 1 and 2 is slightly unbalanced: since V- > V+ 
and csp-~csp+ we get m+>m-, therefore to balance the device, m+ should be ~m-.  
 
Figure 63. Performance of MXene/PVA/Carbon devices in 1M H2SO4. a) CVs from 3 
electrode test of device 1, b) 3 electrode CV test results for device 2, c) 2 electrode test CVs 
for device 1, d) 2 electrode test CVs for device 2. 
Device 1 Device 2 
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So, in our next trial we tried to compensate for that, that lead to opposite situation, when 
V- < V+. So ‘ideal’ situation would be somewhere in-between. Device (a) was tested in both 
3 electrode 2 electrode configurations (Figure 63 c and d, respectively). When tested in a 
sulfuric acid (H2SO4) aqueous electrolyte, a quite rectangular cyclic voltammograms (CVs) 
profile was obtained, indicating its good electrochemical performance. Preliminary results 
showed a capacity of ~35 F/g or 52 F/cm3 for the whole cell, which is already much higher 
than most of reported carbon-based supercapacitor devices.  
This MXene/PVA/Carbon paper is already a full asymmetric supercapacitor device. 
Yet to maximize the performance further adjustments are needed. Such as, the critical step 
would be to adjust the amounts of the MXene and carbon materials, taking into account 
that preparation is performed by filtration of the colloidal solutions of the MXene and 
carbon nanoflakes effective concentrations in mg/ml should be defined. The trick is to 
achieve largest voltage window with minimal use of Carbon materials and PVA gel vs. 
amounts of MXene- only in this case volumetric and gravimetric performances would be 
maximized.  
 
4.5.2 Performance of Nb2C in Li-ion capacitors 
Capacitance of the Ti3C2Tx MXenes in aqueous electrolyte demonstrated a lot of 
promise in energy storage application, yet the voltage window in aqueous electrolytes 
imposes limits on energy being stored since it is proportional to V2.  For non-aqueous 
systems such as Li-ion capacitors it is important to remember that behavior in aqueous 
electrolytes is not expected to be directly translatable to performance in organic electrolytes 
with the added benefit of extending the voltage window. So, in the sense of similarities it 
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is more appropriate to use performance of different MXenes in Li-ion batteries as a 
guideline, since same electrolytes are used with difference of counter electrode being AC 
in case of Li-ion capacitors. Literature review of the MXene performance in Li-ion 
batteries revealed that: i) experimental Li-ion specific capacities of Ti2CTx are less than 
Nb2CTx and V2CTx;[39] ii) delaminated MXenes can store more charge that multilayer 
ones;[10,20] iii) introduction of carbon additives, such as carbon nanotubes (CNTs) into 
the electrode structure improves ion accessibility to the MXene layers and boosts both 
specific capacities and resulting rate performances.[110] 
Since MXenes is a new and constantly expanding class of materials at the moment 
of this study only Ti3C2Tx was reported in delaminated form. When O. Mashtalir has 
developed a method to delaminate Nb2C by intercalation of amine with subsequent 
sonication (schematic illustration of the process is depicted in Figure 64a), d-Nb2C 
performance for Li-ion batteries and capacitors was investigated.  
 
Figure 64. a) Schematic of Nb2CTx delamination process via isopropylamine intercalation. 
Photo on the right shows Tyndall scattering effect in a colloidal solution of d-Nb2CTx 
flakes. In the schematic, the blue spheres represent nitrogen atoms, red – niobium, black – 
carbon, and white – hydrogen. MXene's surface terminations are not shown. Cross-
sectional SEM images of, b) pure Nb2CTx and, c) Nb2CTx/CNT composite paper.   
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Similar to delaminated Ti3C2Tx,[20] the colloidal Nb2CTx solution was filtered to create 
free-standing and flexible paper (Figure 64b). However, we have previously shown that 
the compact restacking of the MXene flakes – as evidenced herein in Figure 64b– limits 
electrolyte accessibility to the entire surface and thus reduces the specific capacities and 
the rates at which the electrodes can be charged and discharged.[111] To solve this 
problem, carbon nanotubes were used as spacers [110-115]. It is for this reason that herein, 
~ 10 wt.% CNTs were utilized as interlayer spacers to create an open structure, aiming to 
fully explore the electrochemical performance of Nb2CTx (Figure 64c). The resulting 
Nb2CTx /CNT nanocomposite papers were directly employed as Li-ion battery electrodes 
in coin cells (against Li foil) in 1 M LiPF6 solution in EC:DEC (1:1 by weight ratio). (Alfa 
Aesar, Ward Hill, USA) 
The cyclic voltammetry (CV) profiles of Nb2CTx/CNT electrodes look quite similar 
to the ones reported for multi-layer Nb2CTx particles,[39] in that no obvious lithiation and 
delithiation peaks were observed and most of the capacity was generated below 2 V with 
respect to Li/Li+ (Figure 65a,b). At 0.5 C, the Nb2CTx/CNT paper yielded a first-cycle 
capacity of ~ 780 mAh/g and a reversible capacity of ~ 420 mAh/g, with a Coulombic 
efficiency close to 100 %. (Figure 65b). Note that the contribution of the CNTs to the 
overall capacity of the composite paper is negligible due to their limited specific capacity 
and low content.[31,116]  
Upon cycling, the capacity exhibited excellent stability and gradually increased. 
For instance, the reversible capacity at 2.5 C increased from an initial value of ~320 to 
~370 mAh/g after 100 cycles, and to ~430 mAh/g after 300 cycles (Figure 65b and c). This 
increase in capacity can be attributed to a gradually improved Li-ion accessibility to active 
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sites as a result of cycling. This slow enhancement with cycling is important because it 
implies that the values reported here – while quite respectable, especially at high rates - 
can be further improved with better design/architecture of the electrodes.  
 
 
Figure 65. a) CV curves of Nb2CTx/CNT paper electrode at a scanning rate of 0.2 mV/s; 
b) Charge-discharge profiles of the Nb2CTx/CNT electrode at 0.5 C. c) Cycling stability of 
the Nb2CTx/CNT and Ti3C2Tx/CNT paper electrodes at different cycling rates; d) Cycling 
performance of the Nb2CTx/CNT electrode at 2.5 C. e) Charge-discharge profiles and, f) 
Discharge capacities of the Nb2CTx/CNT electrode at different cycling rates. 
 
Similar to delaminated Ti3C2Tx,[20] the capacities obtained by the Nb2CTx/CNT paper were 
larger than those obtained from multi-layer Nb2CTx particles.[39] However, in good 
agreement with previous theoretical and experimental results, the values obtained here are 
higher than those obtained for Ti3C2Tx/CNT paper with a similar structure.[39,105,117]  
The Nb2CTx/CNT paper electrodes exhibited good specific capacities even at high 
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rates (Figure 65 e and f). The first-cycle and reversible capacities obtained at 0.1 C were 
~1060 and ~600 mAh/g, respectively. With increasing cycling rates, the capacity 
decreases, but gradually. Capacities of ~ 270 mAh/g at 10 C and ~ 160 mAh/g at 20 C were 
obtained, which are higher than for high-rate lithium titanates.[30,118] 
While the battery performance is promising in terms of capacity, cyclability and 
high rate performance, the almost linear charge-discharge profiles (Figure 65b and c) 
suggest that Nb2CTx behaves electrochemically more like a supercapacitor than a 
battery.[23] Therefore, we tested it in a Li-ion capacitor configuration against an over-
capacitive porous carbon electrode. In Figure 66a, cyclic voltammetry, CV, results are 
plotted at different scan rates. The overall shape of the CV plots, with a broad peak around 
1.5 V vs. Li/Li+, resembles that of orthorhombic Nb2O5 for which high-rate Li
+ 
intercalation capacitance have been reported.[5] 
This similarity is consistent with the fact that etching of Nb2AlC results in the 
formation of predominantly oxygen-terminated MXenes. Also, in order to get insights into 
mechanism of the material electrochemical behavior as well as quantification of the 
capacitive and diffusion limited (intercalation capacity) contributions we followed 
approach described in Ref. [97]. Analysis results are summarized in Figure 66b: at lower 
scan rate of 1 mV/s intercalation capacity is the dominant contribution (the non-shaded 
area) which becomes less noticeable at higher scan rates of 100 mV/s. As typical for low-
conductivity organic electrolytes, we observed a gradual decrease in capacitance with 
increasing scan rates (Figure 66c). At lower rates, the capacitances - both the gravimetric 
and, in particular, the volumetric ones - are quite respectable. For instance, at a scan rate 
of 5 mV/s, the capacitances were 165 F/g and 325 F/cm3. Similar to Ti3C2Tx paper,[20] 
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Nb2CTx/CNT paper electrodes are highly flexible (inset in Figure 66c) and thus can be 
potentially used in flexible/wearable and structural energy storage devices. 
 
Figure 66. Li-ion capacitor performance of Nb2CTx/CNT paper electrodes. a) Cyclic 
voltammograms at different scan rates, b) Cyclic voltammetry profiles collected at 1 mV/s 
and 100 mV/s shaded portions of the contributions of the processes not limited by diffusion, 
i.e. capacitive (‘C-’); c) Volumetric (left y-axis) and gravimetric (right y-axis) rate 
performances, d) Galvanostatic charge-discharge profiles collected at different  current 
densities. 
 
Table 8. Volumetric and gravimetric capacitances and capacities at different current 
densities 
Current density 
[A/g] 
Capacitance 
[F/g] 
Capacitance 
[F/cm3] 
Capacity 
[mAh/g] 
Capacity 
[mAh/cm3] 
5 110 220 70 140 
3 125 250 80 160 
1 160 320 102 205 
0.5 180 360 110 220 
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Galvanostatic charge-discharge profiles (Figure 66d) have a general chevron 
shape, with the bend point around 1.6-1.7 V vs. Li/Li+. Here again, the calculated 
Coulombic efficiency of the electrochemical storage process is close to 100 %.  Table 8 
summarizes the capacitances calculated from galvanostatic charge-discharge profiles 
obtained at different current densities.  
 
Figure 67. Capacitance retention test of Nb2CTx/CNT paper sample performed at 5 A/g 
 
Capacitance retention tests performed by galvanostatic cycling at 5 A/g (Figure 67) 
shows performance decrease after 200 cycles by 15 %, which afterwards stays stable. It is 
important to note that capacitance returns to its initial (cycle 1) value after allowing the cell 
to rest for 2 h. Possible explanation is lithium-ion deficiency at the electrode/electrolyte 
interface during fast Li+ shuffling due to limited electrolyte conductivity (no capacity drop 
was observed for the first 300 cycles in Li-ion battery testing (Figure 65d)). 
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4.5.3 Applications of MXenes for electrochemical actuators 
As was demonstrated in Section 4.2.2  using in situ monitoring of the Ti3C2Tx paper 
electrode deformation during electrochemical intercalation of various cations using AFM 
showed that charging of MXene electrode in Li+, Na+ and Mg2+ electrolytes results in 
contraction, or light expansion, in the case of K+. In other words, deformation of d-Ti3C2Tx 
MXene paper electrode is strongly dependent on the charge/ionic radius ratio. In addition, 
the unusual reversible contraction of the Ti3C2Tx electrode during Li+ and Mg2+ adsorption 
may enable the MXene paper to sustain a very large number of charging cycles 
All these characteristics render MXenes attractive for electrochemical actuators 
(certain electrochemical capacitors are considered attractive for mechanical actuation 
applications [119]). Depending on the actuation requirements, the need to change the 
actuation properties during utilization may arise.  
To investigate the tunability of the electrochemical capacitor deformation for 
actuator applications, the same paper electrode was cycled after the electrolyte was 
switched in the electrochemical cell in the following order: 1M MgSO4, 1M Li2SO4, 0.5M 
K2SO4 and 1M MgSO4. Figure 68a and b show the CV curves and corresponding electrode 
deformation profiles recorded after each electrolyte switch, respectively. The typical 
electrochemical signature for Li+ intercalation along with its height change profile confirms 
that Li+ ions replace Mg2+ ions in the 2D spaces between the MXene sheets. When K+ ions 
are subsequently intercalated, the typical CV curve is observed, with very small electrode 
deformation (compare with Figure 36b).  
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Figure 68. a) CV curves at 2 mV s-1, b) corresponding relative deformation profiles in 
different electrolytes for the same Ti3C2Tx paper electrode 
 
Finally, when the Mg2+ ions are intercalated again, the CV curves show a less 
resistive behavior and the relative electrode height changes, although of lower amplitude, 
the same profile is maintained. An improved Mg2+ transport between MXene sheets may 
come from several effects including: i) different adsorption energies due to residual Li+ 
and/or K+ cations, or ii) larger interlayer spaces created by large intercalated K+ ions, 
making more room for Mg2+ transport in the 2D channels. This demonstrates that the 
actuation properties can be recovered simply by switching electrolytes, enabling the 
mechanical behavior of the MXene to be tuned. It also shows a pathway to optimize the 
intercalation of multivalent ions of bigger size for increased charge storage. Even though 
mechanical deformation tests were not performed in a traditional setup, the observed 
behavior of MXene paper upon adsorption of cations shows its unique actuation properties 
and promises for applications such as controllable artificial muscles. Strong free-standing 
MXene electrodes with gel electrolyte were recently reported and can be used as actuators, 
especially when combined with easily expanding rGO paper electrodes (Figure 69a and b) 
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[108]. Moreover, controlling the actuation behavior of a device by simply switching the 
electrolyte can be a great asset for electromechanical applications (Figure 69c).  
 
Figure 69. Potential examples of actuators based on MXene paper electrode, a) electrical 
switch, b) micro elevator, or c) circuit breaker that shrinks or expands depending on the 
chosen electrolyte.  
 
Obviously, for actuators cyclability and mechanical strength are very important 
parameters. MXenes possess one of the principal benefits of low volume changes or even 
contraction materials is consistent with the fact that large number of charge/discharge 
cycles can be achieved with minimal capacitance loss. In terms of mechanical strength the 
free-standing pure Ti3C2Tx films are moderately flexible. MXene-based composites with 
polymers can provide significantly improved mechanical stability. For instance, it was 
recently demonstrated that MXene composites with polyvinyl alcohol (PVA) or 
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polydiallyldimethylammonium chloride (PDDA) [108]  show excellent mechanical 
properties without compromising on capacitance.  
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CHAPTER 5:  SUMMARY AND FUTURE WORK 
 
The main focus of this work was to explore the potential of the new family of two-
dimensional carbides (MXenes) as electrode materials for electrochemical capacitors and 
to understand the mechanism of the energy storage realized in them with a focus on the 
most studied Ti3C2Tx MXene. 
Performance of Ti3C2Tx was investigated in various aqueous electrolytes (neutral, 
basic, acidic). It was established that a variety of single- and multiply charged cations (such 
as Li+, Na+, K+, NH4
+, Mg2+) can intercalate MXenes (chemically or electrochemically) 
and participate in energy storage. Highly reversible electrochemical insertion of the same 
cations has been demonstrated for Ti3C2Tx in aqueous electrolytes. 
Electrochemical quartz crystal admittance studies demonstrated that cation 
insertion during charge/discharge is accompanied by the electrode deformation, that occurs 
so quickly that it closely resembles 2D ion adsorption at solid-liquid interfaces, and is 
facilitated by the presence of water molecules. It also showed the deformations to be highly 
dependent on the cation nature, in particular charge-to-size ratio: highly charged small 
cations contract the interlayer spaces of 2D Ti3C2Tx electrodes, whereas larger cations, with 
smaller charges, expand the interlayer spaces. 
Perfect capacitive behavior was observed for Ti3C2Tx even at quite high charge and 
discharge rates, in contrast to the slow intercalation of ions usually observed in other 
layered materials used in battery applications such as graphite. All coupled with excellent 
cyclability (10 000 cycles results in no change in capacitance) observed for MXene 
electrodes. 
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Further investigation showed that MXene surface chemistry has a significant effect 
on the resulting capacitances: replacement of fluorine-containing functional groups with 
oxygen-containing ones results in the substantial increase in capacitance. For instance, 
when HF-produced Ti3C2Tx was chemically modified using KOH, DMSO and hydrazine 
solutions the gravimetric capacitance values improved by a factor of about 5-7.   
Also, since DMSO treatment also leads to Ti3C2Tx delamination, it allowed us to 
assemble ‘paper’ electrodes by filtration of single flakes solution. The resulting ‘paper’ 
electrodes are flexible, binder and conductive additive free, and possess high packing 
density resulting in outstanding volumetric capacitances in range of 300-1100 F/cm3 
depending on the electrolyte, with the highest values obtained in sulfuric acid.  
It was also demonstrated that Ti3C2Tx produced using a LiF-HCl mixture (instead 
of HF solutions) right away possess predominantly oxygen-containing functionalities. 
Thanks to that samples demonstrate outstanding volumetric capacitances up to 900 F/cm3 
and can be manufactured into electrodes in less than 10 min without binders or conductive 
additives. The scalability of the process was demonstrated as well: electrodes of 
thicknesses up to 75 µm were produced and showed capacitances of 350 F/cm3. 
Electrochemical in-situ XAS measurements detected changes in the Ti oxidation 
state during cycling, which matched closely with observed experimental values of the 
material’s capacitance.  Therefore it can be concluded that the mechanism of 
electrochemical storage of the Ti3C2Tx (LiF-HCl) MXene in sulfuric acid is predominantly 
pseudocapacitive and not diffusion limited at scan rates up to 20 mV/s.   
MXenes beyond Ti3C2Tx demonstrate a lot of promise for supercapacitors: 
Nb2CTx/CNT paper electrodes showed a high volumetric capacitance of 325 F/cm
3 when 
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tested in a Li-ion capacitor configuration. Also the concept of all-solid-state asymmetrical 
supercapacitor (freestanding and current collector free) based on Ti3C2Tx was designed by 
alternative filtration of Ti3C2Tx, PVA and carbon nanosheets. Among other applications, 
potential of the MXenes’ use in electrochemical actuators was demonstrated using in-situ 
AFM since its mechanical response can be tuned by the cation selection. 
 
Future directions for the development of the current work. 
Aqueous electrolytes. There are number of questions that should be answered to further 
progress our understanding of MXenes electrochemistry. That entails understanding of: i) 
the role of various parameters on the stability, voltage window and cyclability of the 
MXene electrodes, for example, whether use of deairated aqueous solutions can increase 
safe voltage window,  ii) anion effect (from the limited number of experiments I performed 
anion chemistry plays a role),  iii) can certain additives to the electrolytes, such as salts 
shift the stability potentials by, for instance, changing the solubility of titanium or other M 
ions, iv) how the concentration of the electrolytes and ion activity affect the capacitance, 
v) what are the limiting factors for the capacitance. 
Also, an investigation of the rate capability of MXenes of various chemistries and 
in different electrolytes: evaluation what parameters would affect it (electrolyte 
conductivity, MXene conductivity, transition metal chemistry, cation size, electrode 
architecture).  
Optimization of the electrode design is an important direction as well. The goal 
would be to create architectures which would allow the construction of the thick electrodes 
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with maximized accessibility of electrochemically active sites to the ions, without 
compromising volumetric capacitance much. 
 
Non-aqueous electrolytes. Reports on performance of the MXenes in non-aqueous 
electrolytes are scarce. In fact, while a lot of MXenes have been tested for Li-ion batteries, 
typical Li-ion battery electrolyte (LiPF6 in EC:DEC) was used which is not necessarily 
optimal for MXenes. It would be important to perform an in-depth systematic study of the 
effect of the following factors on capacitance and rate performance: i) cation charge-to-
size ratio, ii) anion chemistry and capacitance in the anodic range, iii) effect of solvent 
chemistry, iv) how surface chemistry and pre-intercalation would affect the performance, 
v) introduction of “spacer” molecules (such as tetraalkylamines) between MXene layers. 
Also particular attention should be devoted to electrode design, to make layers accessible 
for ions and electrolytes.   
Study of other MXenes beyond Ti3C2Tx. Synthesis of a variety of other MXenes have been 
reported [38,39,120-122] such as Ti2CTx, V2CTx, Nb2CTx, (Ti0.5,Nb0.5)2CTx, 
(Ti0.5,V0.5)2CTx, Mo2CTx, (V0.5,Cr0.5)3C2Tx, Ti3CNTx, (Ti1.5,V1.5)2C2Tx, Mo2TiC2Tx, 
Cr2TiC2Tx, Ta4C3Tx, Nb4C3Tx, Mo2Ti2C3Tx, (Nb0.8,Ti0.2)4C3Tx, (Nb0.8,Zr0.2)4C3Tx. This 
opens doors to investigating the effect of transition metal chemistry and structure of 
MXenes on the resulting electrochemical properties. 
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Appendix A: Guideline for the characterization of the electrode materials 
I wanted to summarize the best practices I learned throughout my PhD time of the 
characterization of the performance of electrode materials. These guidelines can be quite 
useful for the researchers that are new to electrochemistry field, since incorrect procedures 
can lead to false claims and wrongful assignment of the electrochemical behavior.  
This basic guidelines are summarized below: 
i. Set up should enable use of the reference electrode, so that observed electrochemical 
processes can be assigned to the potentials versus known redox couple (i.e. for aqueous 
electrolytes: Ag/AgCl in KCl solution, for non-aqueous Li-ion systems: Li/Li+). Also, 
in order to minimize contribution of the electrolyte resistance minimum distances 
between working and counter electrodes are preferred, such as in 3-neck Swagelok-
cells.   
ii. Counter electrode. Since in the simplest approximation working and counter electrodes 
can be presented as capacitors in series and registered total absolute capacitance can be 
described by the following formula: 
1
𝐶𝑡𝑜𝑡
=
1
𝐶𝑊𝐸
+
1
𝐶𝐶𝐸
, therefore in order to probe true 
performance of the material 𝐶𝐶𝐸 > 10𝐶𝑊𝐸 and  
1
𝐶𝑡𝑜𝑡
~
1
𝐶𝑊𝐸
, if 𝐶𝐶𝐸 ≤ 𝐶𝑊𝐸 the 
performance will be limited by the counter electrode and overall picture will be 
distorted (please note that CCE, CWE and Ctot is absolute capacitance).  
iii.  Background currents. Another common cause of improper assignment of the 
registered current signals comes from use of testing set-ups where 𝑖𝑏𝑔 ≥ 𝑖𝑡𝑜𝑡 − 𝑖𝑏𝑔, 
where 𝑖𝑏𝑔 is background current that is registered from the system when no active 
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material is present for the WE.  Typically it is due low mass loading of the material and 
electrochemical activity of the current collector material (i.e. Ni foil/foam in acidic 
electrolyte). 
iv. Proper contact and current collector (CC) choice. One should be very careful while 
selecting current collector material, poor choice of the CC can result in wrongful 
conclusions on material performance: i) over-estimated capacitance: parasitic 
electrochemical contribution of the current collector material (i.e. Ni foil/foam in acidic 
electrolyte) or ii) under-estimated capacitance: large contact resistance between CC 
and electrode that can result in the distorted CVs and poor performance of the overall 
set up even if electrode material by itself is performing well. We advise use of the 
corrosion-resistant materials, such as Pt or Ta foils in aqueous electrolytes and Al 
current collectors for organic electrolytes. 
v. Tests and information. Cyclic voltammetry tests provide important information about 
electrode and electrolyte stability window, capacitance of the working electrode can be 
extracted using the following formula: 𝐶=(∫𝑗𝑑𝑉)/𝑠/𝑉, where C-normalized capacitance 
[F/cm3 or F/g],  j-current density [A/cm3 or A/g], s-scan rate [V/s], V-voltage window 
[V]. Analysis of how current changes at different scan rate can provide insight of the 
electrochemical kinetics. Electrochemical impedance spectroscopy can provide 
important information about contact resistance (very helpful while selecting proper 
current collector and device set-up), maximum capacitance, relaxation frequencies and 
etc.[123] 
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Appendix B: Hydrodynamic Modeling Of EQCA Responses Of Composite 
Intercalation Electrodes 
Detailed presentation of the hydrodynamic model of non-homogeneous solid layers in 
contact with liquid was given elsewhere.[60] _ENREF_1 Application of this model to 
describe Li-ion insertion/extraction into/from LixFePO4 was recently reported.[124] The 
frequency response (Δf) is presented as a sum of the responses due to intercalation particles 
of small sizes together with the polyvinylidene fluoride, PVDF, film and intercalation 
particles of large sizes (semi-spherical bumps):  
                         (Eq. A1) 
   (Eq. A2) 
where q and μq are density and shear modulus of the quartz crystal, n is the concentration 
of intercalation particles, r is its radius (assuming a semi-spherical shape), ρb and ρ are bulk 
density of the particles and bulk liquid, respectively, and  is the kinematic viscosity of the 
liquid. ΔfPVDF and ΔWPVDF (Eq. A3 and A4) are the EQCA response of the intercalation 
particles of small sizes together with PVdF film which depends on the thickness, lateral 
characteristic length, density and velocity decay length of liquid. If the semi-sphere is 
porous in one's turn, then  includes the mass density of liquid contained in the pores. To 
obtain the expressions for  and  in Eqs. A1 and A2, we use the results 
obtained previously for a rough surface [125] 
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  (Eq. A3) 
     (Eq. A4) 
Here , and W=q1cosh(q1h)+qosinh(q1h), R is the 
roughness factor of the outer surface of the layer. δ = (η/πfoρ)1/2 is liquid’s velocity delay 
length. The first terms on the right sides of Eq. A3 and A4 describe the response of the 
EQCA for the smooth quartz crystal-liquid interface. The additional terms present the shift 
and the width of the EQCA-response caused by the interaction of the liquid with a non-
uniform interfacial layer with flat surface. The last terms of Eq. A3 and A4 take into 
account the influence of the outer surface roughness of the layer. The form of the terms 
corresponds to the case of slight roughness with lateral parameter, which is larger than the 
decay lengths. Eq. A3 and A4 are the expressions for ΔfPVDF and ΔW PVDF, respectively. 
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Appendix C: Cyclic voltammorgams of the HF-Ti3C2Tx samples collected in 
various electrolytes at different scan rates  
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